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Editorial on the Research Topic
The Application of Nanoengineering in Advanced Drug Delivery and Translational Research

In recent years, nanoengineering has been playing a significant role in drug delivery and translational research as it has the potential of resolving the translational challenges of traditional therapeutic agents, such as poor solubility, side effects, limited blood-circulation time, etc. Lots of research are focusing on developing novel drug delivery systems for translation with nanoengineering, including many types like micelles (Ghosh and Biswas, 2021), liposomes (Crommelin et al., 2020), lipid nanoparticles (Wang et al., 2020), nanodiscs (Kuai et al., 2017; Xu et al., 2022), hydrogel (Daly et al., 2020), and exosomes (Kalluri and LeBleu, 2020). Some results from clinical trials have shown the efficiency of nanoengineering (Martin et al., 2020). However, many problems remain to be solved, such as immune-related adverse events (Martins et al., 2019), nanotoxicity, and poor reproducibility. Therefore, designing advanced drug delivery systems for translation needs some novel and practical approaches with chemistry, biology, and materials science, which is also the theme of this Research Topic.
This Research Topic is provided through ten articles, including eight original research articles and two review articles. The original research articles involved multiple delivery systems with nanoengineering: exosomes, nanoparticles, black phosphorus nanosheets, and hydrogels. These nanosystems were rationally designed, showing improvement and intriguing effects compared with traditional therapeutic agents in different diseases.
There are two review articles on this Research Topic. In a review article, Zhang et al. mainly discussed the crucial role and related biological mechanisms of oxidative stress in diabetic wound healing. They summarized the progress in antioxidant therapy and related bioengineering technology. The authors initially highlighted the importance of oxidative stress in the pathology of diabetic ulcers from the four overlapping stages of wound healing, showing the oxidative stress induced by hyperglycemia will largely hinder the recovery of wound healing by widely impairing the majority of cells. Then, in consideration of the significance of oxidative stress, they summarized the recent progress of antioxidant therapy for diabetic wound healing. They pointed out the key pathways in oxidative stress and corresponding therapy and introduced several therapeutic agents, including endogenous molecules like vitamins, antioxidant enzymes, hormones, and medicinal plants. The authors also summarized the biological materials used in diabetic wound healing. Most of them can load the antioxidant agents to promote their efficiency. In another review article, Cui et al. emphasized the state-of-the-art hydrogels applied in cancer immunotherapy. As one of the most biocompatible and versatile biomaterials, hydrogels can be endowed with unique and useful properties by novel design, making a difference in cancer immunotherapy. They first introduced the characteristics and design principles of hydrogels as delivery systems from five respects, including load ability, implantability, injectability, degradability, and stimulus-responsibility. Then, the applications of hydrogels in cancer immunotherapy classified by the carrying cargos were discussed. In the end, the authors discussed the challenges, clinical application potential of hydrogels, and some Research Topic that need to be considered from the clinical aspect.
In an original study, Zhao et al. developed an exosomes-based nanoplatform prepared by adding dexamethasone (DEX) in exosomes(exos) secreted from mesenchymal stem cells (MSCs), which can be thought of as a promising drug delivery system of autoimmune hepatitis (AIH). Lots of research have shown that exosomes will typically accumulate in the liver, and those secreted from MSCs have the ability of liver regeneration. Taking the positive effects of exosomes on the liver and the delivery efficiency of exosomes into account, this research attempted to combine the therapeutic features of exosomes with the potent anti-inflammation drug DEX for a synergistic treatment toward AIH. The presence of exosomes will also relieve the side effect of DEX resulting from its accumulation in the liver. In vivo and ex vivo experiments in this article proved the accumulation of this system in the liver parenchyma, and with the in vivo treatment of the Con A-induced AIH mouse model, the efficiency of this system compared to free drugs was certified.
Escharotomy and infection sometimes could be severe clinical challenges. Wang et al. designed a sequential therapeutic hydrogel. Through the cross-linked by modified polyvinyl alcohol (PVA-SH/ε-PL) and benzaldehyde-terminated F127 triblock copolymers (PF127-CHO), this hydrogel is endowed with excellent properties which are beneficial for deep burn wounds, such as excellent mechanical and satisfactory wound cleaning properties. The authors also loaded bromelain and EGF into the same hydrogel in stages for wound cleaning and healing. All of the intriguing properties of these novel hydrogels were confirmed by in vitro and in vivo assays, making this kind of hydrogels an excellent candidate for deep burn injuries, especially for irregular-shaped deep burn wounds in poor medical conditions.
Chen et al. developed a novel peptide design strategy with artificial neural networks. An unnatural amino acids library was introduced to generate peptides targeting the GPR40 receptor. This strategy provides a new approach for peptide drug design and an opportunity to improve clinical translation efficiency. The screening strategy designed by the authors was based on AI and unnatural amino acids to overcome the limited diversity in traditional peptide design. Site-directed mutagenesis approach and molecular dynamics simulation were applied to optimize the interaction between the candidate peptides and GPR40 and verify the stability of the peptide-protein complex. This strategy can efficiently discover peptide drugs and improve clinical translation efficiency with a small computing resource.
Nanoengineering has been one of the most effective tools in cancer medicine, nanoengineering-based approaches can modulate the systemic biodistribution and targeted accumulation of the therapeutic agents (Nam et al., 2019). In this research topic, Bao et al. designed a novel nanoparticle coated with polypyrrole for photothermal/magnetothermal therapy against cancer. The main purpose of this study was to solve the deficiency of photothermal or magnetothermal-based hyperthermia cancer therapy by combining them with nanotechnology. The poor penetration ability of the photothermal and the deficient heating efficiency of the magnetothermal was improved by the combination of polypyrrole and Fe3O4, which also enables this system with excellent hyperthermia effects and antitumor effects under the alternating magnetic field and near-infrared at the same time. After proving the photothermal and magnetic thermal properties of this system, the cytotoxicity of this combination therapy was certified to be more efficient through in vitro cell experiments. The authors also did the in vivo test with magnetic resonance imaging (MRI) and photoacoustic imaging (PAI), showing the intriguing efficiency in anticancer and proving the safety of the AMF plus NIR-triggered dual-enhanced hyperthermia.
In another work, Cao et al. focused on cancer therapy with nanoengineering. They fabricated a biomimetic tumor-targeted black phosphorus (BP) nanoplatform to inhibit tumor cell growth. They found that the addition of oxaliplatin (1,2-diaminocyclohexane) platinum (II) (DACHPt) complexions would promote the efficiency of antitumor by photothermal effect and chemotoxicity. The mesenchymal stem cell (MSC)–derived membranes-based approach was introduced to circumvent the limitations of BP, including poor stability, dispersibility, low delivery sufficiency to the tumor site. By studying the cytotoxicity and antitumor efficacy of different nanoformulations under several conditions, this nanoplatform showed excellent tumor-targeted photothermal-chemo efficacy in cell tests. Nevertheless, in vivo study is encouraged to explore their antitumor potential further.
Xiong et al. reported another original research for cancer therapy with nanoengineering. They constructed novel star-shaped block polymers nanoparticles (NPs) containing Dacarbazine (DTIC), showing intriguing results against malignant melanoma (MM), which is one of the most life-threatening cancer. The introduction of these NPs brings the increased drug loading capacity of DTIC and also enables this DTIC with control release property. For the active targeted therapy of MM, the authors made further modifications with the nucleic acid aptamer AS1411. For validating the stability of this drug delivery system, the drug release profiles of DTIC, and the cell viability of NPs, they did several experiments in vitro. The results showed the great potential of this novel system. The antitumor efficacy and side effects of the constructed nanocarriers were evaluated by In vivo experiments, which demonstrated an intriguing effect to treat MM with virtually no side effects.
Nanoengineering also demonstrated potential in the area of bone-related diseases. In one original research article, a bilayer coating with double-crosslinked hydrogels containing bone morphogenic protein (BMP)-2 (alginate-GelMA/hydroxyapatite (HA)/BMP-2) was designed by Ma et al., showing intriguing potential in inducing osteogenesis of bone mesenchymal stem cells with the combination of alginate, GelMA, and BMP-2. The authors tested the biocompatibility, release of BMP-2, expression of the gene, and osteogenesis ability of this system with human bone mesenchymal stem cells (hBMSCs), finding the best ratios between GelMA and alginate for the applications in biology, like promoting the osteogenesis of the bone defect.
In this Research Topic, another application based on nanoengineering in bone-related diseases was explored for treating and preventing post-operative infections and bone loss. Yao et al. fabricated a nanosystem based on enoxacin (Eno)-loaded mesoporous silica nanoparticles (MSN). The eight repeating sequences of aspartate (D-Asp8) and polyethylene glycol were added to this nanosystem. The purpose of designing this system was to promote the translational practice of enoxacin in limiting post-operative infection and preventing bone loss by addressing the poor specificity, limited penetration into bone tissue, and adverse effects of enoxacin. Through in vitro and in vivo experiments, the biocompatibility, drug release performance, antibacterial properties, bone-targeting properties of this system were tested, which proved the potential in post-operative infections and bone loss.
In conclusion, the current Research Topic reports the novel design and nanoengineering of all kinds of drug delivery systems with various methods based on chemistry, biology, and materials science, providing new chances for developing advanced drug delivery systems towards clinical translation. The articles in this Research Topic will be a helpful reference, promoting the development of innovative nanoengineering approaches and accelerating the translation of related technology to clinical uses.
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Exosomes (Exos) are nanosized vesicles (around 100 nm) that recently serve as a promising drug carrier with high biocompatibility and low immunogenicity. Previous studies showed that Exos secreted from mesenchymal stem cells (MSCs) provide protection for concanavalin A (Con A)-induced liver injury. In this study, the protective effect of Exos is confirmed, and dexamethasone (DEX)-incorporated Exos named Exo@DEX are prepared. It is then investigated whether Exo@DEX can function more efficiently compared to free drugs and naive Exos in a Con A-induced autoimmune hepatitis (AIH) mouse model. The results show that Exo@DEX efficiently improves the accumulation of DEX in AIH in the liver. These data suggest that Exo@DEX is a promising drug carrier for AIH and could have applications in other diseases.
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INTRODUCTION

Autoimmune hepatitis (AIH) is characterized by a mild increase in serum transaminase concurrent with increased immunoglobulin G and circulating autoantibodies (Strassburg, 2010). Currently, the first-line therapy for AIH is prednisone combined with azathioprine. However, high doses of steroids could easily spread into the whole body and contribute to AIH patients abandoning such treatment due to drug complications (such as Cushing’s syndrome, hypertension, peptic ulcer, infection, and neurological symptoms) (Violatto et al., 2019). Furthermore, AIH could easily be exacerbated into liver fibrosis or even cirrhosis of the liver if the disease is badly controlled and that is when liver transplantation becomes a necessity. An alternative could be the drug “navigating” destination, the injured liver, and the systematic side effects could be extensively reduced (Carbone and Neuberger, 2013). Nowadays, tissue-targeted therapies are achieved through several drug delivery systems, including nanosphere (Liang et al., 2018), liposomes (Bartneck et al., 2015), mesoporous silicon (Chen et al., 2019), or gel (Wang et al., 2019), which are engineered to concentrate the drug at a specific tissue site. However, some artificially synthetic nanoparticles are still facing some problems, such as poor biocompatibility and biotoxicity.

Exosomes (Exos) are bilayer lipid vesicles naturally secreted by cells with a diameter of around 100 nm. At first, Exos were thought to be cell excretions and have no function, but several years later, they were found to be important materials for cell-to-cell communication (Bobrie et al., 2012; Tkach and Thery, 2016). In the last few decades, Exos have begun to hold great promise as a drug delivery vehicle for small-molecule drugs, nucleic acids, and specific proteins due to their high biocompatibility, low toxicity, and various biofunctions according to their parental cells. It was worth noting that, reportedly, Exos would normally accumulate in the liver because of the preferential liver uptake, which is extremely beneficial for the treatment of liver diseases (Borrelli et al., 2018; Gudbergsson et al., 2019). All these unique characteristics make Exos a promising drug delivery vehicle for AIH treatment.

Mesenchymal stem cells (MSCs) have gained much attention in recent years due to their therapeutic effects in various diseases. These cells are called pluripotent stem cells that can differentiate into all kinds of functional cells under certain stimulation or conditions (Borrelli et al., 2018). It has been reported that resveratrol-treated MSCs can secret platelet (PLT)-derived growth factor-DD, which activates the signal-regulated kinase pathway in renal tubular cells and promotes angiogenesis in endothelial cells to repair the cisplatin-induced kidney injury (Zhang et al., 2018). When it comes to liver diseases, MSCs exert a multifunctional effect on liver regeneration by inhibiting hepatocyte apoptosis, reversing liver fibrosis, and reducing inflammation (Alfaifi et al., 2018). Furthermore, Exos derived from MSCs can inherit their therapeutic functions. For example, Exos derived from placenta MSCs could increase utrophin expression and decrease inflammation and fibrosis in Duchenne muscular dystrophy (Bier et al., 2018). Moreover, Exos from MSCs can suppress concanavalin A (Con A)-induced liver injury (Tamura et al., 2016) and accelerate the recovery of hindlimb ischemia by activating VEGF receptors (Gangadaran et al., 2017).

Based on the above, we developed a liver-targeting Exo@DEX delivery system by loading dexamethasone (DEX) into MSC-derived Exos for the treatment of Con A-induced AIH (Bartneck et al., 2015). Our expectation is to combine the therapeutic features of MSC-Exos with the potent anti-inflammation drug DEX to achieve a synergistic treatment toward AIH, hopefully along with other liver diseases. More than that, our work also implies the application of Exos as a promising drug carrier.



MATERIALS AND METHODS


Cell Culture

Mesenchymal stem cells were extracted and purified from mouse bone marrow-derived all-nucleated cells. Non-adherent cells were removed after 72 h, and attached cells were maintained for 16 days in α-Minimum Essential Media (α-MEM, Gibco) supplemented with 2 mM L-glutamine and 55 μM 2-mercaptoethanol. The human liver cell line L02 was cultured in Roswell Park Memorial Institute 1640 media (RPMI1640, Gibco), and the murine macrophage cell line RAW264.7 was cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco). All cells were cultured in media containing 10% fetal bovine serum (FBS, Gibco), (1%, v/v) penicillin, and (1%, v/v) streptomycin. Cell cultures were incubated in a 5% CO2 incubator at 37°C.



Isolation and Purification of MSC-Exos

Mesenchymal stem cell-Exos were purified from a cell culture supernatant by ultracentrifugation as reported before (Théry et al., 2006). Briefly, MSC culture medium was collected when the cells were 80–90% confluent. The supernatant was centrifugated at 300 × g and 2,000 × g for 10 min to remove cells and dead cells, respectively. The supernatant was then centrifugated at 10,000 × g for 30 min to eliminate cell debris. The final supernatant is then ultracentrifuged at 100,000 × g for 1 h twice to pellet the Exos. The pellet was resuspended in a convenient volume of phosphate-buffered saline (PBS). Isolated Exos were either kept at 4°C for up to a week or stored at −80°C for further use.



Characterization of MSC-Exos

The expressions of CD47, HSP70, CD81, and TSG101 (Abcam) were evaluated by ProteinSimple WesTM Capillary Western Blot analyzer (PS-MK15, ProteinSimple). Antibodies were diluted in an antibody diluent with a 1:50 or 1:100 dilution (ProteinSimple kit). The morphology of Exos was identified by transmission electron microscopy (TEM) (Hitachi HT7700, Tokyo, Japan). The size distribution and zeta potential of Exos were determined by dynamic light scattering (DLS) and nanoparticle tracking analysis (NTA). Total protein of Exos was quantified using the bicinchoninic acid (BCA) assay kit (Thermo Fisher).



Drug Encapsulation

Dexamethasone was encapsuled in Exos using a sonication method reported before (Wan et al., 2017). Briefly, 50 μg of DEX was mixed with 50 μg of Exos at a 10 mL total volume at room temperature for 30 min followed by sonication in a water bath sonicator (KQ-300DE) with the following settings: 40% amplitude, 3 cycles of 15 s on/off for 1.5 min with a 2-min cooling period between each cycle. After sonication, the mixture was incubated at 37°C for 1 h and further ultra-filtrated three times to remove excess free drugs.

For the analysis of the amount of DEX incorporated in Exos, high-performance liquid chromatography (HPLC) was carried out (Agilent 1200). Separation was performed with a C18 column (150 × 4.6 mm, Phenomenex, United States). The elution solvents were water containing 0.05% acetic acid (phase A) and acetonitrile (phase B). The absorbance wavelength was set at 240 nm.



Internalization of MSC-Exos in vitro

Exosomes were labeled with 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine perchlorate (DiD, Fanbo Biochemicals) according to the manufacturer’s instructions, and the excess free dye was removed with Exosome Spin Columns (Thermo Fisher). L02 and RAW264.7 cells were incubated with labeled Exos for 1, 2, or 4 h. For fluorescence microscopy, the cells were fixed with 4% paraformaldehyde at room temperature for 30 min. The cell membrane was stained with Alexa Fluor 488 phalloidin (Thermo Fisher), and the cell nucleus was stained with 4’,6-diamidino-2-phenylindole (DAPI, Solarbio). Fluorescence microscopy images were obtained by confocal laser scanning microscopy (CLSM, Nikon A1R). For flow cytometry, the cells were trypsinized, washed three times, and further resuspended in PBS. The fluorescence intensity of 10,000 cells was recorded by CytoFLEX LX (Backman, United States) and analyzed by FlowJo.



Cell Proliferation Assay

L02 cells and RAW264.7 cells were seeded into a 96-well cell culture plate at a density of 10,000 cells per well for 24 h before any treatment. Afterward, the cell culture media were replaced with fresh ones containing DEX or Exo@DEX with an equivalent DEX dose at different concentrations (1, 5, and 10 μg/mL). After 24 h of incubation, the cell culture media were replaced with CCK-8 (Solarbio) solutions, and the cells were incubated for another 1 h in an incubator. The absorbance of each well was measured by a microplate reader (Infinite M200, Tecan) at 450 nm. The viability of L02 and RAW264.7 cells was then calculated according to the instructions.

For cell apoptosis experiments, L02 cells and RAW264.7 cells were seeded into a 24-well cell culture plate at a density of 25,000 cells per well for 24 h before any treatment. Afterward, the cell culture media were changed with Exo-free media or media containing DEX or Exo@DEX with an equivalent DEX dose at 10 μg/mL. After 24 h of incubation, cells were trypsinized and washed three times. Finally, the cells were resuspended in 1 mL binding buffer and stained in the dark by 5 μL annexin V–fluorescein isothiocyanate (FITC) and propidium iodide (PI) for 10 and 5 min, respectively, according to the manufacturers’ instructions. Cell apoptosis was immediately examined by flow cytometry.



Supernatant Cytokine Detection

RAW264.7 cells were stimulated by lipopolysaccharide (LPS) (100 ng/mL) for 24 h to obtain pro-inflammatory macrophages and subsequently underwent thorough washing to remove LPS. Then, fresh media containing DEX (10 μg/mL), Exo (100 μg/mL), or Exo@DEX (100 μg/mL) were added. After 24 h of incubation, the cell supernatant was collected, and the cytokines (TNF-α, IFN-γ, and IL-1β) of the supernatant were detected by enzyme-linked immunosorbent assay (ELISA) kits.



Animal Models

Six- to 8-week-old BALB/c mice were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. Mice were acclimated for 7 days before any treatment. For the construction of an AIH mice model, Con A (Solarbio) was intravenously injected via the tail vein at a dose of 20 mg/kg of body weight. Exo (5 mg/kg), DEX (0.5 mg/kg), Exo@DEX (5 mg/kg), and control solutions were injected intravenously in a total volume of 100 μL right after Con A injection.



In vivo and ex vivo Distribution of MSC-Exos

Exosomes were labeled with 1,1’-dioctadecyl-3,3,3’,3’-tetra methylindotricarbocyanine iodide (DiR, Fanbo Biochemicals) according to the manufacturer’s instructions, and the excess free dye was removed with Exosome Spin Columns. BALB/c mice (n = 3) were injected with 100 μL of DiR-labeled Exos through the tail vein. The fluorescence images of the mouse body were recorded by the KODAK in vivo imaging system FX Pro (KODAK, United States) at different time points.

For ex vivo imaging, mice were treated with DiD (Fanbo Biochemicals)-labeled Exos and were sacrificed at 2 h after the injection. The liver, kidneys, spleen, lung, and heart were collected and scanned for ex vivo imaging. Particularly, the livers were either grinded into single-cell suspension and filtered using a 60-μm mesh for flow cytometry or fixed with 4% paraformaldehyde for frozen sections. Frozen liver tissues were cut into 10-μm sections and further incubated with F4/80 antibody (Abcam). F4/80-positive cells were stained with FITC, and cell nuclei were stained with DAPI. Fluorescence images were obtained by CLSM.

For the analysis of the amount of DEX delivered to the liver, HPLC was carried out. All samples were treated as reported before (Violatto et al., 2019). Briefly, livers were collected and homogenized with methanol and acetonitrile, stirred for 30 min. Then water was added, and homogenization was repeated. Samples were further centrifuged at 10,000 × g for 10 min at 4°C. The supernatant was further cleaned up with solid-phase extraction using Sep-Pak C18 1-cc Vac cartridges, conditioned before use with 1 mL of methanol.



Liver Enzyme and Histology

Blood was collected 8 h after the injection to detect serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels. Livers were also collected, fixed in 4% paraformaldehyde, and embedded in paraffin for histological analysis.



Liver Tissue Cytokine Measurement

Obtained liver tissues were cut into pieces and homogenated on ice with an ultrasonic probe in radioimmunoprecipitation (RIPA) buffer (Solarbio) with 1 mM protein inhibitor. Protein concentrations were measured using a BCA assay kit. Lysates were centrifugated at 10,000 × g for 5 min at 4°C according to the instructions, and the suspension was collected and stored in −80°C for further use. Before tests, a pre-experiment was conducted to optimize the concentration. ELISAs were conducted to measure the following cytokines according to the instructions (mouse TNF-α ELISA kit, mouse IFN-γ ELISA kit, mouse IL-1β ELISA kit, mouse IL-6 ELISA kit, mouse IL-12 ELISA kit, and mouse myeloperoxidase ELISA kit, Solarbio).



Macrophage Apoptosis in the Liver

Obtained liver tissues were cut into pieces and grinded into single-cell suspension. Cells were primarily treated with red blood cell (RBC) lysing regents to remove RBCs. Then, the cells were labeled with F4/80 for gating of macrophages. Finally, the cells were resuspended in 1 mL of binding buffer and stained in the dark by 5 μL annexin V–FITC and PI for 10 and 5 min, respectively, according to the manufacturers’ instructions. Cell apoptosis was immediately examined by flow cytometry.



Toxicity Assessment

Exo@DEX (5 mg/kg) or PBS was intravenously injected into AIH mice. Blood samples and organs were collected from the two groups 24 h after treatment. Hematoxylin-and-eosin (H&E) staining of each organ was conducted to observe the histological effects on the heart, liver, spleen, lungs, and kidneys of mice. Anticoagulant blood was used to perform a routine blood test. Untreated blood was put on a stand for 2 h and centrifugated at 4°C for 10 min to obtain the serum. The obtained serum was used to detect blood parameters using an automatic biochemical analyzer.



RESULTS


Fabrication and Characterization of Exo@DEX

Exosomes were purified from cell culture supernatants of MSCs and were further loaded with DEX by water bath sonication. The morphology of both Exos and Exo@DEX was observed by TEM (Figures 1A,B). The size distribution and zeta potential of Exos and Exo@DEX were detected by both DLS and NTA. Naive Exos and DEX-loaded Exos both had a uniform size distribution, with a mean diameter of 120 and 150 nm, respectively (Figure 1C). The zeta potential of the two nanoparticles changed from around −10 to −6 mV due to the successful loading of DEX (Figure 1D). NTA showed a scattered distribution of the two nanoparticles during the detection progress. Movies and screenshots recording the movement of nanoparticles were provided (Figure 1E and Supplementary Movies 1, 2). The size distribution and zeta potential of both Exos were exhibited as scatter plots (Figure 1F). The size distribution was similar to that of DLS, while the zeta potential was more negative compared to the results of DLS, which may contribute to the different detection modes of the two equipment. However, the change of zeta potential was consistent with DLS. The Exo@DEX was then stored at −80°C for further use. The size and zeta potential did not have an obvious change (Supplementary Figure 1). Next, immunoblotting further verified that Exos and Exo@DEX expressed Exo markers (CD47, HSP70, CD81, and TSG101). It was shown that the drug loading did not alter the surface proteins of Exos (Figure 1G and Supplementary Figure 2). Importantly, we investigated the characteristics of the tenth-generation MSCs via flow cytometry. In brief, the expression of CD29, Sca-1, and CD44, positive markers of MSCs, was detected to be higher than 95%. On the other hand, the expression of the negative surface markers, CD31 and CD117, was determined by flow cytometry to be lower than 5% (Figure 1H and Supplementary Figure 3). The amount of DEX incorporated into Exos was measured by HPLC with the calculated DEX incorporation rate to be around 10% (Supplementary Figure 4).
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FIGURE 1. Characterization of Exo and Exo@DEX. (A) TEM imaging of Exos and (B) DEX-loaded Exos stained with uranyl acetate. (C) The size distribution of Exos and Exo@DEX by DLS. (D) The zeta potential of Exos and Exo@DEX by DLS. (E) Screenshots of Exo and Exo@DEX detection by NTA. (F) The size distribution and zeta potential of Exos and Exo@DEX by NTA. (G) Western blot analysis of Exos and Exo@DEX. CD47, HSP70, CD81, and TSG101 are markers for Exos. (H) Quantitative analysis of MSC markers of CD29, CD44, Sca-1, CD31, and CD117.




Cellular Internalization of Exo@DEX and Its Effect on Macrophage in vitro

The liver plays an essential role in human life. It is mostly composed of hepatocytes, around 80%, and other non-parenchymal cells, including hepatic stellate cells, Kupffer cells, and sinusoidal endothelial cells. Kupffer cells originate from macrophages and are involved in phagocytosis. In addition, Kupffer cells are fundamental in the process of innate immune and inflammatory responses. They can secrete several cytokines during the occurrence of inflammation and may even contribute to the acceleration of diseases. Thus, inhibition of macrophages could be considered as an underlying possibility to ameliorate the symptoms of inflammation activity. Steroids are the currently widely used therapy for the treatment of AIH in clinical settings. However, most patients may not be able to endure the severe side effects that steroid drugs bring. As a result, novel methods need to be explored to improve the targeting ability of drugs toward livers.

We used CLSM to test the effects of co-culturing Exo@DEX with two different types of cells in vitro and whether Exos can be internalized into these cells. We co-cultured Exo@DEX with macrophage cell line RAW264.7 cells and liver cell line L02 cells. After 0, 1, 2, and 4 h of co-incubation, a large number of Exo@DEX emitting red fluorescence were internalized into RAW264.7 macrophages, while L02 liver cells only took up fewer Exo@DEX than macrophages (Figure 2A and Supplementary Figure 5). Cellular internalization was also measured via a flow cytometry. Fluorescence intensity of RAW 264.7 cells increased obviously in a time-dependent way and had a higher level for Exo@DEX than the uptake level by L02 cells (Figure 2B).
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FIGURE 2. Cellular internalization of Exo@DEX and its effect on macrophage in vitro. (A) Representative fluorescence images of Exo uptake by RAW264.7 macrophages and L02 liver cells in vitro in a time-dependent way (images were enlarged, indicated by a white dotted box). Nuclei were stained with DAPI (blue), the cell membrane was stained with phalloidin (green), and Exo@DEX was stained with DiD (red). (B) Flow cytometry assay of RAW264.7 and L02 cells incubated with DiD-labeled Exo@DEX. (C) CCK-8 analysis of RAW264.7 and L02 cells. Cells were incubated with Exo-free supernatant (Supernatant), non-exosomal DEX, or exosomal DEX (Exo@DEX) for 24 h. (D) Flow cytometry analysis of annexin V-and-PI staining of RAW264.7 and L02 cells incubated with Supernatant, DEX, or Exo@DEX.


Furthermore, to test the drug effect on the two cell lines, cells were treated with both free DEX and the Exo@DEX in a dose-dependent way (0–10 μg/mL) for 24 h. A CCK-8 cell proliferation assay was performed to examine the cell viability of the two cell types. After 24 h of co-incubation, the cell viability of RAW 264.7 macrophages was suppressed at a concentration of 10 μg/mL of Exo@DEX, while that of L02 cells was barely influenced at any concentration (Figure 2C). Once DEX gets inside the cell and further combines with corticosteroid receptors in the cytoplasm and nucleus, a variety of inflammatory genes and cytokines would be dramatically suppressed. To explore the mechanism of cell death induced by DEX, an annexin V-and-PI staining was performed to detect the cell apoptosis level of both cells after 24 h of co-incubation through a flow cytometry. In accordance with the cell viability test, the Exo@DEX group showed higher early and late apoptosis levels than the free drug in an equivalent dose of DEX, while L02 cells were not apparently affected (Figure 2D), possibly due to a lower internalization amount. We also measured the production of inflammatory cytokines, including TNF-α, IFN-γ, and IL-1β in the culture supernatants. Treatments containing DEX, Exo, and Exo@DEX efficiently reduced the production of TNF-α, IFN-γ, and IL-1β (Supplementary Figure 6).



Exo@DEX Concentrate in the Liver Parenchyma

One of the main purposes for the construction of Exo@DEX is to increase the accumulation of the small-molecule drug DEX in liver tissues. The biodistribution of Exo and Exo@DEX after intravenous (i.v.) administration was examined in vivo to detect their targeting ability. Exo and Exo@DEX were both labeled with DiR to allow tracking at different time points by an in vivo imaging system. The signal related to the DiR-labeled Exo and Exo@DEX was clearly observed through the imaging system and remained at a high level for 24 h (Figure 3A). Both Exo and Exo@DEX had a similar performance during a 24 h observation, indicating that the encapsulation did not affect the targeting ability of Exos. The fluorescence peak appeared at 2 h after i.v. administration (Figure 3B). Ex vivo imaging was performed 2 h after i.v. administration, and the fluorescence signal was detected in all collected organs (Figure 3C). The fluorescence signal was mainly discovered in the liver and spleen and was about three times higher than that in the heart, lung, and kidney (Figure 3D).
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FIGURE 3. Biodistribution of Exo@DEX in vivo and ex vivo. (A) In vivo fluorescence signal of mice treated intravenously with DiR-labeled Exo or Exo@DEX and imaged 1, 2, 3, 4, 5, 6, 12, and 24 h after the treatment. (B) Quantitative analysis of in vivo imaging. (C) Ex vivo fluorescence signal of collected organs from mice sacrificed 2 h after treatment. (D) Quantitative analysis of ex vivo imaging. (E) Flow cytometry analysis of homogenated liver tissues after DiD-labeled Exo or Exo@DEX treatment. (F) Liver tissues excised 2 h after treatment with DiD-labeled Exo@DEX or PBS, stained with DAPI, and visualized by confocal microscopy.


In addition, flow cytometry and frozen sections were used to further observe the distribution of Exos and Exo@DEX in livers. In these cases, DiR was replaced with DiD for a better imaging performance. Livers after i.v. administration were extracted and grinded into cell suspension for flow cytometry. As shown in Figure 3E, livers with DiD-labeled Exo and Exo@DEX treatment exhibited high fluorescence signals compared to Exos without any dye label. At the same time, collected liver tissues were preserved in 4% paraformaldehyde for a frozen section. DAPI staining was used to observe the nuclei, and a red signal represented the DiD-labeled Exo and Exo@DEX in liver tissues (Figure 3F). Furthermore, when hepatic macrophages were visualized by immunofluorescence staining of F4/80, most DiD-labeled Exo@DEX were localized with F4/80-positive cells (Supplementary Figure 7). For higher resolution, livers were extracted to analyze the amount of DEX delivered to them. Compared to free DEX, Exo@DEX was able to deliver about 2.6 times as much DEX to the liver (Supplementary Figure 8).

The data above were extremely important in terms of distribution because the drug-loaded Exos enable the accumulation of DEX in liver tissues and reduce free drugs in blood circulation. The underlying side effects of free DEX on unwanted organs therefore may not occur in the body of treated subjects.



Exo@DEX Therapy Protects Liver Functions in Con A-Induced Liver Injury

Hematoxylin-and-eosin tissue sections demonstrated that Exo@DEX therapy protected the structural integrity of the liver tissue. A healthy group with or without treatment showed no abnormality on the hepatic lobule and portal area, while obvious tissue structure disorders and severe cell necrosis could be seen in the PBS group, which was indicated by a yellow dashed line. Yellow and black arrows showed steatosis and inflammatory cell infiltration, respectively. DEX or Exo administration contributed to a certain extent to the protection of the liver structure and cell viability where mild damage indicated by steatosis could be seen. Exo@DEX treatment contributed to the recovery of tissue structure integrity, and few inflammation cells and little steatosis could be seen in this case (Figure 4A).
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FIGURE 4. In vivo treatment of the Con A-induced AIH mouse model. (A) H&E staining of liver sections from different groups 8 h after Con A injection and treatment. Black arrows indicate inflammatory cells. Yellow arrows indicate steatosis, suggesting mild damage to livers. The yellow line indicates large hemorrhage, suggesting severe damage. (B,C) Serum levels of ALT and AST were measured 8 h after Con A injection and treatment (n = 5 for each group). Data in B and C are presented as the mean ± SD and were assessed via one-way ANOVA (***P < 0.001).


Alanine aminotransferase and AST are the two most used biomarkers for the analysis of liver functions. For the Con A-induced liver injury, the PBS group exhibited high ALT and AST levels. Compared to the PBS group, administration of DEX or Exo contributed to a certain degree to liver function protection. More importantly, injection of Exo@DEX resulted in a better therapeutic effect than the DEX or Exo group, mainly due to the targeting ability to the liver, suggesting the anti-inflammation role that Exo@DEX plays in Con A-induced liver injury (Figures 4B,C).

Importantly, we grinded liver tissues into single-cell suspension and evaluated the apoptosis of macrophages. Macrophages from mice treated with Exo@DEX showed a higher apoptotic level than free drugs (Supplementary Figure 9). To further demonstrate the therapeutic effects of Exo@DEX, we detected several inflammatory cytokines in liver tissues from each group, including TNF-α, INF-γ, IL-1β, IL-6, IL-12, and MPO. As shown in Figure 5, the cytokine levels of Exo@DEX were dramatically decreased compared to the elevated cytokine levels of the PBS group (Figures 5A–F).
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FIGURE 5. Detection of cytokines in liver tissues. Cytokines of TNF-α (A), INF-γ (B), IL-1β (C), IL-6 (D), IL-12 (E), and MPO (F) were measured in liver homogenates form each group (n = 5 for each group). Data are presented as the mean ± SD and were assessed via one-way ANOVA (***P < 0.001).




Toxicity Study

In order to test the systematic toxicity that our treatment might have, healthy mice were given PBS or Exo@DEX to rule out potential side effects. All treatment did not contribute to any apparent signs of systematic toxicity. According to the H&E staining, no obvious tissue damage could be observed in the major organs (Figure 6A). We also confirmed that the above treatment did not cause any apparent hematologic abnormality because the levels of white blood cell (WBC), hemoglobin (Hb), RBC, and PLT were all within the normal range (Figure 6B). Meanwhile, levels of serum urea nitrogen (BUN) and ALT, AST, lactate dehydrogenase (LDH), and alkaline phosphatase (ALP), which are typical biomarkers for liver and kidney functions, were also examined, and no abnormality was observed (Figure 6C).
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FIGURE 6. In vivo toxicity assessment of Exo@DEX. (A) H&E staining of major organs (heart, liver, spleen, lungs, and kidneys). (B) Routine blood test of whole-blood parameters in mice treated with PBS or Exo@DEX. (C) Serum levels of liver and kidney function parameters in mice treated with PBS or Exo@DEX.




DISCUSSION

In this study, we constructed a drug-carrying Exo called Exo@DEX by loading the potent anti-inflammation drug DEX into MSC-Exos. The Exo@DEX exhibited effective protection against Con A-induced acute liver injury. There are advantages of the constructed nanoparticles. First, the size of Exo@DEX, around 100 nm, is bound to lead to long liver retention after tail vein injection. Second, the MSC-secreted Exos have preferable repair effects for injured tissues or organs. Third, the MSC-Exos possess great biocompatibility and low immunogenicity, making them good candidates as drug carriers. Fourth, DEX-loaded Exos can reduce the systemic bad effects on unwanted organs.

Exosome is a promising drug carrier with different properties according to its parental cells. As a vehicle, Exo has already been widely used in the treatment of cancers (Li and Nabet, 2019), including glioblastoma (Zhu et al., 2019), pancreatic cancer (Li et al., 2020), and breast cancer with lung metastasis (Xiong et al., 2019). All treatments exhibited effective inhibition in tumor volume and curative effect on the survival time of tumor-bearing mice. However, in the case of treatment for inflammatory diseases, limited research works have been done to explore the possibility for Exos to encapsulate other drugs other than chemotherapeutic drugs for cancer therapy. Our current study provides direct evidence that DEX-loaded Exos accumulate largely in the liver. Importantly, the Exo@DEX can be efficiently internalized into macrophages and have a prominent inhibition on macrophages. Among the inflammation-related cells, macrophages play a dominant role in the trigger and process of AIH, which therefore provided valid evidence for the possibility of our study (Wang et al., 2018; Violatto et al., 2019). However, more specific and deeper interactions between macrophages, liver, and DEX-loaded Exos should be explored to further explain the mechanism of how it works.

Data from the above studies suggested that Exo@DEX administration has a higher therapeutic effect over conventional DEX therapy. Furthermore, Exo@DEX may have a broader application in liver other than Con A-induced AIH. Hopefully, Exo@DEX could be used in other immune-related diseases including uveitis by intravitreous injection. In conclusion, our study provides strong evidence for the possibility of Exos as a drug vehicle in the treatment of AIH and, hopefully, a wider range of other diseases.
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Supplementary Figure 3 | Characterization of MSCs. Flow cytometry analysis of MSC markers.

Supplementary Figure 4 | HPLC analysis of DEX. HPLC analysis of the incorporation of DEX into Exos.

Supplementary Figure 5 | Cellular internalization of Exo@DEX. Representative fluorescence images of Exo uptake by RAW264.7 macrophages and L02 liver cells in vitro (images were enlarged, indicated by a white dotted box). Cells were incubated with Exo-free supernatant (Supernatant) or DiD-labeled Exo@DEX (Exo@DEX).

Supplementary Figure 6 | Measurement of cytokines in supernatants. ELISA-based measurement of TNF-α, IFN-γ, and, IL-1β (pg/mL) in supernatants prepared from the culture medium after each different treatment (n = 5 for each group). Data are presented as the mean ± SD and were assessed via one-way ANOVA (****P < 0.0001).

Supplementary Figure 7 | Location of in vivo EXO@DEX in macrophages. Presence of Exo@DEX in the liver specimen and their localization in FITC-labeled F4/80-positive macrophages after the injection of DiD-labeled Exo@DEX (white arrow) (red: DiD-labeled Exo@DEX, green: FITC-labeled F4/80 macrophages, and blue: DAPI-labeled cell nuclei).

Supplementary Figure 8 | Levels of DEX measured in the liver. Mice were sacrificed 2 h after administration of DEX (0.5 mg/kg) or Exo@DEX (5 mg/kg). Levels of DEX in the liver were measured by HPLC. Data are presented as the mean ± SD and were assessed via two-tailed unpaired Student’s t-test (***P < 0.001).

Supplementary Figure 9 | Flow cytometry analysis of macrophage apoptosis in the liver. (A) Gating of F4/80-positive cells. (B) Flow cytometry analysis of annexin V-and-PI staining of F4/80-positive cells from single-cell suspension of the liver.
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G protein-coupled receptor 40 (GPR40), one of the G protein-coupled receptors that are available to sense glucose metabolism, is an attractive target for the treatment of type 2 diabetes mellitus (T2DM). Despite many efforts having been made to discover small-molecule agonists, there is limited research focus on developing peptides acting as GPR40 agonists to treat T2DM. Here, we propose a novel strategy for peptide design to generate and determine potential peptide agonists against GPR40 efficiently. A molecular fingerprint similarity (MFS) model combined with a deep neural network (DNN) and convolutional neural network was applied to predict the activity of peptides constructed by unnatural amino acids (UAAs). Site-directed mutagenesis (SDM) further optimized the peptides to form specific favorable interactions, and subsequent flexible docking showed the details of the binding mechanism between peptides and GPR40. Molecular dynamics (MD) simulations further verified the stability of the peptide–protein complex. The R-square of the machine learning model on the training set and the test set reached 0.87 and 0.75, respectively; and the three candidate peptides showed excellent performance. The strategy based on machine learning and SDM successfully searched for an optimal design with desirable activity comparable with the model agonist in phase III clinical trials.
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INTRODUCTION

Type 2 diabetes mellitus (T2DM) is a degenerative disease caused by impairment in insulin action and pancreatic β-cell function, characterized by the inability to maintain glucose homeostasis. During the past two decades, T2DM has emerged as one of the most severe global healthcare concerns (Zheng et al., 2018). The general objective of all therapeutic modalities for T2DM is to decrease the circulating blood glucose levels. Currently, there are various types of drugs that play important roles in glycemic control. The mechanisms of action involve (i) insulin receptor ligands (insulin analogs), (ii) reduction of insulin resistance (biguanides and thiazolidinediones), (iii) stimulation of β-cells by insulin secretagogues (sulfonylureas and meglitinides), (iv) lowering postprandial blood glucose level via alpha-glucosidase inhibitors (acarbose and miglitol), and (v) blocking renal glucose reabsorption via a sodium-glucose cotransporter-2 (SGLT2) inhibitor (dapagliflozin) (Chatterjee et al., 2017). Although most treatments can manage glucose levels in T2DM patients, the progressive decline in β-cell function leads to inevitable dependence on exogenous insulin supply. Therefore, the novel mechanism and potent candidates should draw our attention in the treatment of T2DM (Chen et al., 2016).

G protein-coupled receptors (GPCRs) are among the most attractive membrane targets for many drugs (Sriram and Insel, 2018). In recent years, a growing number of GPCRs are being discovered with a wide variety of ligands, including free fatty acids, sucrose, acetate, lactate, and ketone bodies; and they are implicated in many pathophysiological functions (Blad et al., 2012). G protein-coupled receptor 40 (GPR40), also known as free fatty acid receptor 1 (FFAR1), is a member of the long-chain fatty acid GPCR family. Current studies proved that GPR40 plays a pivotal role in the potentiation of glucose-dependent insulin secretion from pancreatic β-cells, and it also regulates glucagon-like peptide 1 (GLP-1) and gastric inhibitory peptide (GIP) secretion (Li et al., 2020). The view that the agonists of GPR40 may be beneficial for treating T2DM is substantially studied (Nutan et al., 2017). Clinical candidates targeting GPR40 to enhance insulin secretion have been reported in the literature (Naik et al., 2013). Moreover, GPR40 agonists have been described as having superior effects, including cardioprotection, suppressing glucagon levels, and weight loss, than other hypoglycemic drugs (Mancini and Poitout, 2015).

The current development of GPR40 agonists primarily focuses on small molecules, whose limitations, such as low selectivity, high toxicity, and low efficiency, can contribute to failures in clinical trials (Naik et al., 2012; Kim et al., 2018). Therefore, new entities should draw our attention to the development of GPR40 agonists. In this regard, peptides show high bioactivity associated with high specificity, and low toxicity has made them attractive therapeutic agents. Thus, the development of synthetic peptides is an attractive modality to active GPR40. However, little is known on the process of discovery in peptides for targeting GPR40, partly because the core binding pocket is inaccessible to the natural peptides. To this end, peptidomimetic composed of unnatural amino acids (UAAs) can significantly increase its structural diversity and improve binding affinity and selectivity toward GPR40. Besides, the blood circulation time is important for the duration of action. In this context, peptide drugs can provide tunable circulation times through extended sequence engineering or drug delivery systems (Zorzi et al., 2017; Wang et al., 2018, 2020). In the case of membrane protein, the binding site of GPR40 was located in the extracellular part, so peptides targeting GPR40 can act without membrane penetration.

In response to the rapidly growing demand for binding, functional, and ADMET (absorption, distribution, metabolism, and excretion) information of many drug-like bioactive compounds, various public databases (e.g., DrugBank, PubChem, ChEMBL, and Zinc) have been developed for drug discovery. Quantitative structure–activity relationships (QSAR) modeling can largely increase drug design efficiency (Krishna and Anuradha, 2020), but how to build QSAR models for GPR40 remains elusive. Recently, the artificial intelligence (AI) method, deep neural network (DNN) algorithm, has been well represented as a novel approach to build QSAR models (Hessler and Baringhaus, 2018). The use of deep learning in chemical discovery has received considerable attention in recent years. For example, DNN predicted cell permeability based on the chemical structure of organic fluorescent (Soliman et al., 2021), and the convolution neural network (CNN) was used to find the relationship between the chemical structure of odor molecules and their related odors (Sharma et al., 2021). The graph convolutional neural network (GCN) successfully predicted the reverse synthesis reaction (Ishida et al., 2019), and the transformer neural network directly designed potential ligand molecules based on the sequence of the protein target (Grechishnikova, 2021). DNN had achieved many successes in molecular descriptor-based tasks and had the advantage of being easy to construct (Li et al., 2018; Cai et al., 2019). The commonly used two-dimensional (2D) CNN had made brilliant achievements in computer vision, and the derived one-dimensional (1D) CNN was suitable for sequence data, such as gene sequence and natural language processing (Esteva et al., 2021; Sun et al., 2021; Zhang et al., 2021). Molecular descriptors could be used as input of DNN to construct QSAR models, and quantified molecular descriptors could be regarded as a unique sequence for 1D CNN to use. Nevertheless, there was no perfect AI model, and performance comparison between models on a specific task can help obtain more accurate results (Yang et al., 2019).

Here, we describe a novel AI combining mutation scanning approach to design new promising oligopeptide agonists for GPR40 (Figure 1). Initially, the ChEMBL database (version 28) was used to extract 528 compounds with known bioactivity and structural profiles. A QSAR model was constructed based on DNN. The molecular fingerprint search method was employed to screen active chemical entities among the oligopeptides generated from the library of natural amino acids (AAs)/UAAs. The obtained candidate oligopeptides were then evaluated for the binding affinity to GPR40 through flexible docking procedures. The initial lead oligopeptides were further processed by the site-directed mutagenesis (SDM) optimization to achieve potential hits toward GPR40. The peptides were further analyzed in molecular dynamics (MD) simulations and showed good stability. These top candidates might be up-and-coming for the treatment of T2DM.
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FIGURE 1. The overall flowchart.




MATERIALS AND METHODS


Data Set

A total of 2,084 GPR40 agonists with EC50 measurements have been extracted from the ChEMBL database (Mendez et al., 2018). The unit of measurement for EC50 is nmol. Fasiglifam (TAK-875), a potent GPR40 selective agonist withdrawn from phase III clinical trials due to drug-induced hepatotoxicity (Yabuki et al., 2013), was used as a positive control to evaluate the efficacy profile of the obtained TAK-875 analogs. In this study, only the compounds that interact with the same region in the TAK-875 binding site were kept, and all duplicate entries were removed. The final data set that consisted of 528 molecules is listed in Supplementary Table 1. All molecular structures were constructed in molecular operating environment (MOE) version 2019.0102 and imported into the database (Vilar et al., 2008). Structure preparation was performed on all molecules to repair structural errors and add hydrogen atoms. Protonate3D was used to protonate all molecules. The temperature of Protonate3D was set to 300K, the pH was set to 7, and the ion concentration was set to 0.1 mol/L. Energy minimization was performed for each molecule to obtain the optimal configuration. The root mean square gradient of energy minimization was set to 0.1 kcal/mol/A.



Feature Calculation

A total of 153 2D molecular descriptors were calculated in MOE. The names of all molecular descriptors and their specific meanings are listed in Supplementary Table 2. The EC50 value of each molecule is logarithmically processed to pEC50 (Eq. 1).
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To improve the model accuracy, Morgan fingerprints with a length of 1,024-bit strings were calculated by the RDKit toolkit to compare the performance with the MOE 2D descriptors Landrum (2016). All quantitative features were standardized. The pEC50 of 528 molecules in the data set is typically in the range between 4 and 9, and the molecular weight is roughly between 200 and 600 (Figure 2A).
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FIGURE 2. (A) Molecular weight and pEC50 distribution of the data set. Frequency increases with the color from light to dark. (B) 2D principal component analysis (PCA) results of the data set. The red dot is the training set, and the blue dot is the test set.




The UAA Library and the Oligopeptide Database

The AA database used in this study contains 20 natural AAs and 850 UAAs derived from 20 canonical AAs. All UAA category information is in Supplementary Table 3. The number of peptide residues is limited to 3–5. The molecular weight of the peptide is similar to the data set molecule, which helps to improve the accuracy of peptide activity prediction and facilitates the peptide’s entry into the GPR40 binding site. Three random-constructed virtual peptides (tripeptides, tetrapeptides, and pentapeptides) libraries were generated, where each peptide library consists of 100,000 peptide entries. The generation and preservation of peptide structures were done by MOE’s SVL script.



Model Training

Convolution neural network is a feedforward neural network that includes convolution calculations (LeCun et al., 2015). It can learn features from data and generalize them to specific data. CNN has achieved great success in speech recognition, image recognition, and other fields. The molecular features calculated based on MOE can be expressed as a 1 × 153 vector form; hence 1D CNN can be well adapted to the task of predicting the activity of oligopeptides based on molecular features. In contrast, the DNN is a fully connected neural network, which is more prone to overfitting than CNN. The hyperparameters of the neural network are important for the training and accuracy of the model. We repeatedly adjusted and confirmed the best hyperparameters in the training process. A CNN with seven convolutional layers, three max-pooling layers, and one Flatten layer is built (Figure 3). The size of the local receptive field was 1 × 3; and the number of feature maps of the convolutional layer was 16, 16, 64, 64, 128, 128, and 64 in order. The filter size of the pooling layer was 3. The Flatten layer was used to expand the output of the pooling layer and connect to the final dense layer. The batch size was set to 10.
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FIGURE 3. Deep learning architecture of convolution neural network (CNN) and deep neural network (DNN) used to predict peptide activity.


Here, DNN contains three hidden layers (Figure 3). The number of units contained in each hidden layer is 150, 30, and 10 in order. The first and second hidden layers applied Dropout to prevent overfitting, and the Dropout Rate was defined as 0.9.

The rectified linear unit was used as the activation function of CNN and DNN, mean square error (MSE) (Eq. 2) was defined as the loss function, and the Adam optimizer was used to minimize the loss function (Nair and Hinton, 2010; Kingma and Ba, 2014). The initial learning rate of the Adam optimizer was set to 0.001 and 0.0008 in CNN and DNN, respectively.
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where m is the sample size, y_i is the actual value of the sample’s pEC50, and [image: image] is the predicted value of the sample by the model. The data set was divided into a training set and a test set according to the ratio of 4:1. Principal component analysis (PCA) was performed with all the features as input, and the features were mapped to two principal components with 42.01 and 10.05% variances. The data set shows high chemical diversity. 2D PCA shows that the training set and the test set are located in the same chemical space (Figure 2B). All input features in CNN and DNN had undergone maximum and minimum standardization processing. The last layer of CNN and DNN did not use the activation function and outputs pEC50. R-square was used to evaluate the accuracy of model fitting (Eq. 3).
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where [image: image] is the predicted value of the sample by the model, y_i is the actual pEC50 value, and [image: image] is the mean pEC50.



Principal Component Analysis and LASSO Feature Selection

To improve the accuracy of the model, speed up model training, and reduce overfitting, PCA and LASSO feature selection were applied to reduce redundant features (Tibshirani, 2011). The data set was reduced in dimensionality by solving the covariance matrix. The variance accumulation threshold of PCA was set to 0.99 to remove low variance features. LASSO regression can compress the coefficients of the regression variables to 0 and make the parameters become sparse because it has L1 regularization terms. Here, the alpha value of the LASSO regression estimator was set to 0.001 to limit the L1 regular term, and the maximum number of iterations was set to 8,000 to fit all features.



Molecular Similarity Search

The fundamental assumption in drug discovery is that structurally similar molecules exhibit similar biological activities (Muegge and Mukherjee, 2016). Hence, the molecular fingerprint method allows for ligand-based virtual screening and predicts bioactivity or other properties of candidates that have not been tested with the fingerprint model built from the database of the active template. In simple terms, fingerprint models transfer the structure of active templates and candidates simultaneously into numbers or matrices and compare them with mathematical methods, for example, the Tanimoto coefficient (Cereto-Massagué et al., 2015). According to the design principle of the fingerprint system, different fingerprint schemes bring out different molecular attributes. For instance, the description of GpiDAPH3 is “3-point pharmacophore-based fingerprint calculated from the 2D molecular graph. Each atom is given one of 8 atom types computed from 3 atomic properties: “in pi system,” “is donor,” “is acceptor.” Anions and cations are not represented. Then, all triplets of atoms are coded as features using the three graph distances and three atom types of each triangle. The resulting fingerprint is represented as a sparse feature list.”

Nearly all common fingerprint types, like BIT_MACCS, MACCS, TAD, TAT, and GpiDAPH3, are available in MOE, so the most proper type should be designed first. It has been proved that there is no generally superior fingerprint to be used (Muegge and Mukherjee, 2016), Thus, in this study, we initially used the GpiDAPH3 fingerprint model to determine which score function (Must match, Maximum, Minimum, and Average and Distance) is suitable for this condition. With the most suitable score function, fingerprint types were then tested for the superior fingerprint type in our database. Having a certain score function and fingerprint type, we trained our fingerprint model to predict the bioactivity of candidates. The data set of molecular fingerprint model consisted of 528 molecules, which were as identical as DNN and CNN models.



Structure Preparation and Molecular Docking

The crystal structure of the human GPR40-TAK-875 complex (PDB:4PHU) was obtained from Protein Data Bank to perform the docking study (Berman et al., 2000; Srivastava et al., 2014). The structure preparation, Protonate3D, and energy minimization were carried out by MOE. The structure preparation repaired the gap in the protein structure. Protonate3D added hydrogen atoms to the structure and completed the protonation in the default ionization state. The terminal amide, sulfonamide, and imidazole groups were able to flip to optimize the hydrogen bond network. All water molecules were removed. The atomic restraint strength was set to 10, and the extent of the flat bottom of the flat-bottom restraint was set to 0.25 to prevent excessive positional deviation of the atoms. The energy minimization with a root mean square gradient of 0.1 kcal/mol/A was performed to optimize protein conformation. The binding site of GPR40 was created according to the TAK-875 (partial agonist) in crystal complexes.

The molecular docking was performed by the MOE. The same energy minimization protocol as the protein structure was performed on the peptides. Peptides were placed at the binding site by the method of Triangle Matcher. The 30 postures generated by the placement method for each peptide would be refined in the Amber10:EHT force field using the Induced Fit method (Gerber and Müller, 1995; Case et al., 2008). Generalized Born/volume integral/weighted surface area (GBVI/WSA) dG Scoring is used to evaluate the binding free energy of the docking result (Eq. 4).
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where c is the average gain and loss of rotation and translation entropy, α; β is the constant determined during the function training process; ECoul is the Coulomb electrostatic term; Esol is the solvation electrostatic term calculated by GB/VI solvation model; EvdW is van der Waals contribution; and SAweighted is surface area weighted by exposure.



Site-Directed Mutagenesis and Re-Dock

Amino acid single-point mutations were applied in candidate oligopeptides to improve their affinity and stability by attempting to form the salt bridge equivalent to TAK-875. The selected UAAs were sequentially substituted to the designated positions following the reassessment of the interaction between the updated peptide and GPR40. New peptides were isolated from the complex structure created by the mutation. The peptide conformation was preserved, and re-docking to GPR40 for refinement and for further rescoring the GPR40–peptide interactions was performed.



Molecular Dynamics Simulations

Further analysis of stability about the GPR40–candidate peptides complexes was conducted by MD simulations with GROMACS 2020.5 software on Manjaro platform after flexible docking (Abraham et al., 2015). The topology files of candidate peptides, an indispensable component in MD, were obtained from the Swissparam webserver (Zoete et al., 2011). The GPR40–peptides complexes were firstly placed in a periodic cubic box (1.2-nm edge), and then the TIP3P water molecules and 0.145 M of NaCl ions were added. The steepest descent minimization algorithm with 5,000 steps at most was conducted to avoid excessive local stress. Before the formal simulation, 1-ns NVT pre-equilibrium and 1-ns NPT pre-equilibrium were done to stabilize the temperature (310K) and pressure (1 bar). Formal simulation lasted 10 ns, and the CHARMM27 was applied (Brooks et al., 2009). The analysis of the dynamics simulations consisted of root mean square deviation (RMSD), mean square displacement (MSD), root mean square fluctuation (RMSF), solvent-accessible surface areas (SASAs), radius of gyration (gyrate), and system energy.



RESULTS AND DISCUSSION


Comparison of CNN and DNN

To obtain high-precision activity prediction results, CNN and DNN were constructed to compare their fitness with the task. Both neural networks were trained based on all molecules in the data set. All molecular features were normalized with Min–Max scaling before input into the neural network to improve training efficiency. The CNN was trained for 100 epochs with a batch size of 10. In the ninth epoch, the MSE of the training set and the test set was reduced to 0.0084 and 0.0090, respectively. Then the MSE begins to fluctuate slightly, the MSE of the training set continues to decline, and the MSE of the test set fluctuates within a certain range (Supplementary Figure 1). When training to the last 10 epochs, the MSE of the training set dropped from 0.0020 to 0.0010, and the MSE of the test set fluctuated between 0.0089 and 0.0110. DNN traverses all samples in each step, and 1,000 steps of training were executed. At the 270th step, the MSE on the training set and the test set was reduced to 0.0018 and 0.0051, respectively. The training set MSE had been declining throughout the training process. The MSE of the test set begin to rise slowly after the 270th step, and it becomes stable at the end of training (Supplementary Figure 2). During the last 100 steps, the MSE of the training set fluctuates slightly around 0.0004, and the MSE of the test set fluctuates around 0.0083. When compared with DNN, CNN has a greater loss function oscillation, and the ability to reduce the loss function is worse than DNN. Yet on the test set, the highest R-square of DNN reaches 0.750 (Figure 4A), while that of CNN is only 0.620 (Figure 4B). DNN was shown to outperform CNN on the task of activity prediction. Nevertheless, both neural networks exhibit slight overfitting; thus, the early stopping strategy was applied to DNN.
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FIGURE 4. Observed activity and predicted activity of training set and test set using (A) The deep neural network (DNN) and (B) The convolution neural network (CNN).




Performance of Features

Both MOE 2D features and Morgan fingerprints features were input to DNN for training. To ensure that the model converges, DNN trained 2000 steps on the Morgan fingerprint data set. At the 1,250th step, the MSE of the training set and the test set both drop to 0.02 and stabilized thereafter (Supplementary Figure 3). The DNN based on Morgan fingerprint training exhibits a more gradual decline in MSE than the DNN based on MOE 2D feature training. The test set MSE of the Morgan fingerprint model was stable at 0.02, which was much higher than the MSE of MOE 2D feature model, and the Morgan fingerprint model did not achieve good accuracy. Subsequently, based on the MOE 2D features, we attempted to optimize the features through PCA and LASSO feature selection to improve the accuracy of the model. Z-score standardization was performed on the data set, the cumulative variance threshold was set to 0.99, and the 153-dimensional features had been reduced by PCA to generate 43 new features. The variance of the top 10 new features is shown in Figure 5A. The fitting accuracy of the LASSO regression estimator reaches 0.71, and there are 83 features whose coefficients are not 0 after fitting (Supplementary Table 4). The new features obtained by the two methods were input to DNN for 100 pieces of training, and each training contains 1,000 steps. The R-square of the model training set and the test set would be checked every 10 steps, and the largest R-square that satisfied the difference between the training set R-square and the test set R-square less than 0.2 in 1,000 steps would be recorded. The R-square frequency distribution curves of the training set and test set obtained by 100 trainings on the original feature data set, PCA dimensionality reduction feature data set, and LASSO feature selection data set are shown in Figures 5C,D. The performance of new features obtained by PCA dimensionality reduction was relatively poor and produced more low-precision models. After the removal of low-importance features via LASSO feature selection, the model still showed good accuracy. Still, the overall trend of model accuracy has a slight decrease as compared with the original data (Figures 5B–D). LASSO feature selection improved the model training speed and only sacrificed a little model accuracy. This method could effectively improve training efficiency when training on an extensive data set. To obtain the highest precision model, we still used raw data for training regardless of training speed. Finally, the DNN model with R-squares of 0.87 and 0.75 for the training set and test set obtained through the early stopping strategy was retained.
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FIGURE 5. (A) Top 10 principal component analysis (PCA) features and their variance ratios. (B) R-square average of 100 trainings of deep neural network (DNN) based on PCA, LASSO, and original features on the training set and test set. (C) Train set R-square distribution of DNN based on PCA, LASSO, and original features in 100 trainings. (D) The test set R-square distribution of DNN based on PCA, LASSO, and original features in 100 trainings.




Molecular Fingerprint Similarity

All the fingerprint models were built in MOE. For the most accurate and suitable fingerprint model in this situation, the score function and type of fingerprint model must be tested. To evaluate different fingerprint models better, the training set and the testing set were carefully designed. All the training set in fingerprint models consisted of active entities (low EC50 in ChEMBL) since the purpose of the fingerprint model is to exploit novel potential active entities in other databases. As for the testing set, the active entities (low EC50 in ChEMBL) were encoded index1-50, and on the contrary, the inactive entities (high EC50 in ChEMBL) were encoded index51-100. Since all of the fingerprint models were built from active entities, a higher similarity score represents more possibilities of being an active entity. Therefore, an ideal model should be available to distinguish active entities from inactive entities. To this end, the entities index1-50 should be with a high similarity score, and index51-100 should be with a low similarity score. Furthermore, the k, slope of the regression line, which is the relationship between similarity score and index, can reflect the quality of the model in some distance. When the absolute value of k is high, it means that there is a tendency of the decrease in similarity score with the increase of index, which also matches with an ideal model.

GpiDAPH, a common and gorgeous fingerprint model, was chosen to evaluate which score function (Average, Distance, Maximum, Minimum, and Must match) is the most appropriate one. The predicted similarity score and index of testing data are shown in Supplementary Figure 4, and the values of k are shown in Figure 6A. Comparing the value of k and the distribution of the similarity score, the score function of maximum is chosen as the best score function in this research (Supplementary Figure 4C).
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FIGURE 6. (A) The k values of the fingerprint model when using different score functions. (B) The k values of each type of fingerprint model when using the Maximum scoring function. (C) The k values of Bit_MACCS, MACCS, and GpiDAPH on the new training set. (D) Similarity scores by GpiDAPH fingerprint model of active (index1-50) and inactive (index51-100) molecules.


The types of fingerprint models were then evaluated with the same method. The result is shown in Figure 6B and Supplementary Figure 5. The value of k shows little difference among Bit_MACCS, GpiDAPH, and MACCS, so the suitable type cannot be designed yet. Therefore, the entities with higher bioactivity (EC50) were chosen to consist new training set, and the testing set was accordingly adjusted. The new training set and testing set are constructed to evaluate these three fingerprint types further, and the result is shown in Figure 6C and Supplementary Figure 6. The GpiDAPH fingerprint model shows the best performance in distinguishing between active and inactive molecules and is thus the chosen type in this study (Figure 6D and Supplementary Figure 6B). Unlike other molecular fingerprint models, in Figure 6D, the similarity values of active entities (index1-50) are mainly located in the upper left corner, while the inactive entities (index51-100) are in the bottom right corner.



Activity Prediction of Peptides and AA Preferences

Deep neural network model and molecular fingerprint similarity (MFS) were used to evaluate the performance of oligopeptides. All peptides were sorted by evaluation scores via two models. The output results of the model were divided into six groups according to the model and peptide length, namely, DNN-Tripeptide, DNN-Tetrapeptide, DNN-Pentapeptide, MFS-Tripeptide, MFS-Tetrapeptide, and MFS-Pentapeptide. The top-ranked 50 oligopeptides in each group were selected as samples for AA frequency statistics to observe the AA preference of high-scoring peptides. AAs were classified according to the backbone for frequency statistics, and the AA frequency (aaf) of each sample was calculated according to Eq. (5).

[image: image]

where CA is the frequency of a type of AA that appears in a sample and TA is the total number of AAs contained in a sample. The top 5 types of AAs ranked by aaf in each sample were selected and integrated. The favorable AAs determined by the DNN model were cysteine and methionine derivatives (CM), phenylalanine derivatives (F), proline derivatives, alicyclic AAs (P), alanine derivatives (A), α-methyl AAs (AM), and lysine and arginine derivatives (RK). The favorable AAs determined by MFS were P, A, F, nitro, and dinitrophenyl AAs (NI), glycine derivatives (G), and N-methyl AAs (NM). The most frequently occurring AAs among the nine preferred AAs show the backbone of this type of AA (Figure 7B). DNN’s most preferred AA is CM, and CM had aaf of 0.273 in the DNN-Tripeptide sample (Figure 7A). Similarly, CM also achieved higher aaf (0.210 and 0.172, respectively) in DNN-Tetrapeptide and DNN-Pentapeptide. The most preferred AA class of MFS was P. The aaf of P in MFS-Pentapeptide reached 0.392, which was the highest value among all samples. P reaches high aaf of 0.220 and 0.340 in MFS-Tripeptide and MFS-Tetrapeptide, respectively (Figure 7A). DNN and MFS both showed a preference for P and A, but DNN showed a lower tendency for NI, G, and NM, which were preferred by MFS. DNN was more stable than MFS in the aaf of three different length peptides. Most of the molecules in the data set used to construct the model are analogs of TAK-875, all of which contain ring structures, and many analogs contain sulfone groups, sulfur heterocycles, or carboxyl groups (Figures 7B,C). The two AAs categories including P and A that DNN and MFS commonly prefer were molecules with five-membered heterocyclic or aromatic rings. The most preferred CM AAs of DNN were cysteine and methionine derivatives, both of which contained sulfur groups. Compared with MFS, DNN successfully captured the sulfur group features of the data set molecules. We noticed that some molecules in the data set contained halogen elements. F22 and P44 are observed with the highest frequency among the F and P AAs preferred by DNN, which shows that DNN has paid attention to the halogen element features of the molecule (Figure 7B).
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FIGURE 7. (A) The aaf of MSF and deep neural network (DNN) on three peptides. (B) The most frequent amino acids from nine preferred amino acids. (C) The chemical scaffold of TAK-875.




Molecular Docking

Amino acid preference statistics showed that MFS paid attention to molecular skeleton information, and DNN could pay attention to the details of the molecule. We combined the results of the two models to select candidate peptides for docking. The intersection of the top 1% (1,000) of the two models of the tripeptide, tetrapeptide, and pentapeptide ranked by MFS and DNN was selected. The intersection of peptide samples contains 39 tripeptides, 16 tetrapeptides, and 7 pentapeptides. The GBVI scoring function that estimates the free energy of ligand binding according to a given posture is used to assess docking posture (Naïm et al., 2007) (Table 1). The GBVI scores of the top three peptides numbered 4-15, 5-1, and 4-4 reached −10.2063, −9.62029, and −9.57896, respectively. As shown in Figure 8A, the 4-15 carboxyl group forms a hydrogen bond with the hydrogen on the backbone of Cys136. The three benzene rings of 4-15 form π–H interactions with Val81, Trp174, and Leu135. Phe87 forms a π–H interaction with the main chain hydrogen of 4-15. The docking pose of 5-1 is shown in Figure 8B. The benzene ring in 5-1 forms π–H interaction with Val84, Leu138, and Trp174. The benzene ring of Phe142 forms a π–H interaction with 5-1. The interaction between 4-4 and GPR40 is shown in Figure 8C. The quinoline ring of 4-4 forms 3 π–H interactions with Leu138 and Trp174. The benzene ring of Phe142 forms a π–H interaction with 4-4. The H-bond is found between Val84 and the carboxyl of 4-4. As a control, TAK-875 was also evaluated by the GBVI method. The crystal structure of TAK-875 has abnormal van der Waals interaction between atoms. The energy minimization was performed on the crystal structure to optimize the interaction within the structure. The repaired structure shows that the GBVI of TAK-875 has been reduced from −1.4554 to −9.7494. The pose of TAK-875 is shown in Figure 8D. To be specific, the carboxyl of TAK-875 formed a salt bridge with Arg183 and Arg258. The benzene ring in TAK-875 interacted with Val84 by forming π–H interaction. The binding of TAK-875 to GPR40 mainly relied on two strong salt bridges. The fixation of the three peptides at the binding site mainly relied on π–H interaction, hydrogen bonding, and van der Waals force. Compared with peptides, TAK-875 had a linear structure that allowed it to penetrate deeply into the binding pocket to form salt bridge interactions. In addition, the peptide exhibited higher solvent exposure than TAK-875 due to the residues of the peptide anchored on the outer surface of GPR40. The receptor solvent exposure of the peptide is also higher than that of TAK-875. The solvent exposure of the GPR40 residues after binding with the peptide is further reduced, indicating that the peptide binding to GPR40 is primarily dependent on hydrophobic interactions.


TABLE 1. GBVI (GBVI/WSA dG scoring) of the top 10 ranked peptides and TAK-875 in the docking results.
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FIGURE 8. The top three poses generated by flexible docking and the pose of TAK-875 in the crystal structure after energy minimization. In 3D pose diagrams, the red dash lines represent ionic bonds, magenta dash lines represent π–H interaction, and blue dash lines represent H-bonds. (A) 4-15, (B) 5-1, (C) 4-4, and (D) TAK-875.




Site-Directed Mutagenesis Optimization and Re-Docking Evaluation

The high affinity of TAK-875 came from the ionic and hydrogen bonds between its carboxyl group and Arg183 and Arg258. The carboxyl group was at the end of the TAK-875 chain, and the chain is firmly inserted between the two α-helices (Figure 8D). The NI42 AA of 4-15 with the lowest GBVI enters the target site in a similar posture, but it fails to form strong ionic or hydrogen bonds (Figure 8A). To this end, the SDM method was carried out to optimize the performance of candidate peptides. NI42 that successfully penetrated into GPR40 is defined as the mutation site, and 41 AAs with a carboxyl chain similar to that of TAK-875 are used for SDM (Supplementary Table 5 and Figure 9). A rough mutation evaluation without the refinement of Amber10:EHT force field shows that Li01, DE30, DE29, and LI02 have better GBVI scores than NI42 (Figure 10). The method of directly replacing AAs did not use a force field to adjust the conformation, so all the 41 mutant conformations were preserved, and the flexible docking was performed again. The results show that the DE20 and AG02 mutants with low GBVI formed ionic and hydrogen bonds (Table 2).
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FIGURE 9. The NI42 amino acid of 4-15 was defined as the mutation site, and 41 mutations were performed.
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FIGURE 10. Site-directed mutagenesis result.



TABLE 2. The results of re-dock and energy minimization of AG02, DE20, and LI01 mutants.

[image: Table 2]Based on Figure 11A, Arg183 and Arg258 also play a significant role in the interaction between DE20 mutant and GPR40 by forming the salt bridge or ionic interaction. The H-bonds were found between Leu135, Val84, and DE20 mutant. The benzene ring of the DE20 mutant forms a π–H interaction with Val84. In Figure 11B, the interaction between AG02 mutant and GPR40 is shown. Interestingly, the carboxyl moiety of AG02 mutant formed a salt bridge with Arg183 comparable with TAK-875. In addition, the AG02 mutant formed a strong ionic interaction with Arg258. The Ala88 and Leu138 interacted with AG02 mutant by H-bond. Less solvent exposure was observed on DE20 mutant and AG02 mutant similar to TAK-875. LI01 with the carboxyl group attached to the long alkyl chain showed the best performance in SDM but poor performance after re-docking. The re-docking pose of LI01 mutant in GPR40 is illustrated in Figure 11C. The side chain of LI01 mutant formed π–H and H-bond interaction with GPR40, which fixed LI01 mutant in GPR40. However, the carboxyl group of LI01 did not form ionic or hydrogen bond interactions with ARG residues as expected. The AG02 and DE20 mutants successfully formed ionic and hydrogen bonds by increasing the GBVI score from −10.2063 to −8.8651 and −8.8189, respectively. The absence of ionic or hydrogen bonds in the GPR40–LI01 mutant complex results in a lower GBVI score at −8.4173 (Table 2). Standard energy minimization of the TAK-875 crystal structure was performed on three mutants to compare their performance. When energy minimization was done, the GBVI scores of the AG02 mutant and DE20 mutant were attained to −10.043 and −10.404, respectively. Both mutants showed expected performance. The carboxyl end of the LI01 mutant successfully contacted the ARG residues and formed ionic and hydrogen bonds, but the pockets might not be gathered to this extent, and it was difficult for the LI01 mutant to form ionic and hydrogen bonds. One solution worth considering was to simplify the side chain of the peptide outside the pocket and further extend the fatty chain where the carboxyl group was located. Finally, 4-15, 5-1, 4-4, DE20 mutant, and AG02 mutant are considered as potential active peptides that are analyzed in MD simulations (Supplementary Figure 7).
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FIGURE 11. Poses are generated by the flexible docking of mutants. In 3D pose diagrams, the red dash lines represent ionic bonds, magenta dash lines represent π–H interaction, and blue dash lines represent H-bonds. (A) DE20 mutant, (B) AG02 mutant, and (C) LI01 mutant.




Molecular Dynamics Simulations of Five Peptides and Control

A 10-ns MD simulation was run on five peptides and the control. The structure at 10 ns shows that 5-1 and 4-4 are separated from the binding site (Supplementary Figures 8D,E), which indicated that the binding stability of the two under simulated physiological conditions was insufficient. The GBVI of the structure at 10 ns was calculated. The 5-1 and 4-4 that were separated from the binding site showed poor GBVI. The GBVI values of 4-15, AG02 mutant, DE20 mutant, and the control that remained at the binding site are −9.196, −8.564, −7.335, and −8.542, respectively (Supplementary Figures 8A–C,F and Table 3). The GBVI of all peptides increased, but the increase of the GBVI of the peptides remaining in the binding site was smaller, among which 4-15 showed the best GBVI maintenance ability. The two peptides leaving the binding site were excluded due to insufficient stability, and the remaining three peptides and the control were further analyzed.


TABLE 3. Comparison of peptide and control at the beginning and end of molecular dynamics simulation.

[image: Table 3]The AG02 is selected as a representative example for MD analysis (Figure 12). RMSD measured the average positional change of all atoms between two structures. Based on the initial structure, the RMSD of all ligands and complexes was calculated. The RMSD calculated based on the protein and the complex was almost the same, so only the RMSD data of the complex were retained. AG02 mutant, DE20 mutant, and the control as ligands maintain relatively stable RMSD values throughout the simulation process (Supplementary Figures 9B–D). As a ligand, 4-15 showed a large increase in RMSD at about 3 ns then decreased and stabilized after 6 ns. When the RMSD of the 4-15 ligand is stable, the value is the largest among the four ligands, which indicates that the largest posture change occurred during the simulation (Supplementary Figure 9A). However, 4-15 retained the best GBVI at the end of the simulation, which might indicate that it was adjusted to a stable and high-affinity conformation. After the RMSD of the four simulated complexes was compared, the control complex and the DE20 complex show a stable trend at the end of the simulation (Supplementary Figure 9). The RMSD fluctuation of the AG02 complex in the later stage was larger than the former two. The 4-15 complex with the best affinity had a RMSD mutation in the late simulation stage, which might indicate that the conformation of the 4-15 complex will continue to change. MSD, the mean of the squared displacements of all atoms, was used to analyze the changes in the positions of proteins and ligands. The MSD values of the proteins and ligands in the control complex are the most stable (Supplementary Figure 10). The MSD changes of the proteins and ligands of the AG02 complex and the DE20 complex have similar trends, while the MSDs of the two components of the 4-15 complex are quite different (Supplementary Figure 10A). The protein and ligand of the 4-15 complex might have greater relative displacements resulting in low stability. Gyrate reflects the volume and shape of the molecule, and an increase in gyrate indicates that the system have expanded. The gyrate of DE20 mutant and the control is more stable than the other two molecules (Supplementary Figure 11). The X-axis component of the control was lower than the Y- and Z-axes, and its gyrate mainly derived from the plane where the Y- and Z-axes were located, which was related to the linear structure of the control. The gyrate of 4-15 entered a period of stability when the simulation was approaching the late stage but changed at the end of the simulation. The gyrate of the AG02 mutant was maintained in a relatively large interval during the entire simulation process, and the changes in the three-axis components of the AG02 mutant were also maintained in a range (Supplementary Figure 11B). The gyrates of the protein components of the three complexes other than 4-15 show a stable trend throughout the simulation process (Supplementary Figure 12). The protein component of the 4-15 complex expanded in volume at about 7 ns and then shrank. This might be due to the process of 4-15 adjusting its conformation to a higher affinity.
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FIGURE 12. (A) Root mean square deviation (RMSD) of the AG02 mutant and the complex. (B) Mean square displacement (MSD) of the AG02 mutant and GPR40 in the complex. (C) Gyrate of the AG02 mutant in the complex. (D) Gyrate of the GPR40 in the AG02 mutant complex. (E) Solvent-accessible surface area (SASA) of the AG02 mutant in the complex. (F) SASA of the GPR40 in the AG02 mutant complex. (G) Root mean square fluctuation (RMSF) of the GPR40 in the AG02 mutant complex. (H) The total energy of the AG02 mutant complex. (I) The AG02 mutant complex structures at 10 ns.


Similarly, the SASA of 4-15 is different from that of the other three ligands in the whole simulation process (Supplementary Figure 13). After 6 ns, the SASA of 4-15 dropped sharply, indicating that its conformation became tighter. At the end of the simulation, the 4-15 SASA returned to the level before 6 ns. 4-15 had undergone a large degree of conformation adjustment between 6 and 10 ns and maintained a high affinity at the end of the simulation. The SASA calculated based on the protein composition shows that 4-15 had the most stable trend (Supplementary Figure 14). This might be due to AG02, DE20, and the control mainly relying on the combination of salt bridge and GPR40, while 4-15 mainly relies on van der Waals interaction. 4-15 had the most stable hydrophobic interaction. RMSF reflected the average position change amplitude of the residue atoms in 10 ns. The protein residues of the four complexes all have similar RMSF distributions (Supplementary Figure 15). The residues numbered 75-85 and 130-140 showed lower RMSF. This region was where the binding cleft was located, which indicated that the residues at this location had higher stability due to binding with the ligand. The residues numbered 183 and 258 are arginine acids that form a salt bridge, and the RMSF recessed appears adjacent to these two residues (Supplementary Figure 15). The degree of depression of 4-15 near residues 183 and 258 was lower than that of the other three ligands, which might be due to 4-15 relying on van der Waals interaction instead of forming a salt bridge with arginine. The 4-15 complex has a total energy similar to that of the control, and the other two peptide complexes have a total energy lower than that of the control (Supplementary Figure 16). In addition, the total energy fluctuation of the peptide complex was similar to that of the control. 4-15, AG02 mutant, and DE20 mutant showed good performance similar to TAK-875 in MD simulations, and the three peptides were considered as potential GPR-40 agonists.



DISCUSSION

In this study, CNN can effectively extract local features by local receptive fields. CNN reduces complexity by sharing weights. It is a topological structure that uses spatial relationships to reduce the number of parameters, thereby improving the training efficiency of feedforward neural networks. Therefore, CNN can successfully realize the deep structure and effectively control the occurrence of overfitting. To be able to perform the CNN, the 153 molecular features were converted to 1D sequences. We attempted to maximize the use of feature information through the deep structure of 1D CNN. However, the performance of CNN on the GPR40 agonist data set was less efficient than that of the three-layer DNN with a fully connected structure. A total of 153 features are independent according to their specific meanings (Supplementary Table 2). Local features were very important for sound signal, vibration signal, and text processing. Compared with global information extraction, local detail extraction could be used for model training more efficiently on signals like sound. But for the quantitative physical and chemical properties and composition information of molecules, the significance of the transformation and extraction of multiple features by the convolutional layer was not as great as the former. The molecular feature sequence lacked overall spatial information because 153 features had no spatial correlation. This would cause the local receptive field to extract the meaningless characteristics of neighboring spatial information. Although it had a deeper network structure, the partial failure of the local receptive field and the simplification of the connection structure might be the reason for the performance degradation of CNN. CNN was an excellent feature extractor, but the processing and optimization of 2D features with high independence and low noise and no adjacent spatial information would not get positive feedback. The feedback of PCA feature dimensionality reduction and LASSO feature selection on DNN also supported this view, and both methods led to variable degrees of performance degradation. The MSE shock of CNN at the end of the training was stronger than that of DNN; this is possibly because the data set is too small and the batch size of CNN is smaller than that of DNN.

For small data sets, the performance of MOE 2D molecular features was better than that of Morgan fingerprint features. The information content of a single MOE 2D descriptor was more complex than Morgan fingerprints, and the highly integrated features reduced the difficulty of convergence for the model. The 1,024-bit Morgan fingerprint was more suitable for large data sets. Although the data set had undergone the necessary preprocessing, the noise of EC50 labels measured by different laboratories could not be ignored. The instruments, methods, and materials used by the researcher during the label determination process would all affect the label. The error of the label and the size of the data set were the main reasons that restrict the accuracy of the DNN. How to obtain high-quality data sets was still an important issue in the development of AI.

Compared with that by non-processing, the number of new PCA features obtained by orthogonal projection is significantly reduced. Still, the apparent decline of DNN performance indicated that important information was lost in the PCA processing. The LASSO regression estimator retained 83 features with nonzero coefficients, and DNN showed a slight loss of accuracy. The model was not optimized for accuracy after the preprocessing of the features was completed, which might be due to less noise in the features.

For all the scoring functions, there was a noticeable feature from the result that the order of the value from each scoring function is Max > Dis/Ave > Min, which was consistent with their definition. The “Must match” function was so strict that none of the entities in the testing set match the fingerprint model. In some distance, a high standard of the scoring function is not always appropriate for the fingerprint method. For finding the novel compounds as GPR40 agonists, a high standard might lead one to miss potent candidates in screening. In the “Min” function, the scores were low and close to each other, which were not identical to the “Max” function. The model that could distinguish active entities from inactive entities is our goal. Therefore, the “Max” function was chosen to be the scoring function in this study. For the fingerprint type, the high absolute value of k is a key characteristic to evaluate the quality of each fingerprint type, and the GpiDAPH3 showed gorgeous output in this study.

The inputs of DNN are some quantitative molecular features, and different weights are assigned to the features after training. Compared with DNN, MFS recognizes the common features of data sets. Most molecules in the data set have similar main body skeletons, so the active molecules exported by MFS have skeleton similarity. DNN can have different tendencies in the main body skeleton and detailed features through weight distribution. Here, DNN tended to feature details, but access to the GPR40 binding site required certain linearity of the molecule. Therefore, the two models were combined to limit the linear and affinity groups of the peptides. In addition, DNN combined with MFS to predict peptides reduced the influence of label noise in the data set to a certain extent. For large data sets, it may be difficult for the MFS to extract a sufficient number of common features, while the DNN will have better performance due to its complex network structure.

The docking results show that the peptides are difficult to form an ion–hydrogen bond interaction similar to that of TAK-875, which might be due to the steric hindrance given by the peptide backbone and the peptide side chain. In contrast, the molecular structure of TAK-875 was roughly linear with almost no branches. The linear structure helped TAK-875 penetrate deep into GPR40 and formed ionic and hydrogen bonds with ARG183 and ARG258. As little steric hindrance as possible was necessary to pass through the narrow binding cleft. The data sets used for DNN and MFS contained a large number of TAK-875 analogs. DNN and MFS extracted high-frequency features, such as benzene ring, heterocyclic ring, carboxyl group, halogen, and sulfur element. Linear peptides contained at least one carboxyl group, which was the advantage of peptides to form ionic or hydrogen bonds. The main chain of the peptide was composed of repeating units of carbon-amide bonds, which meant that the groups preferred by the model could only exist in the side chain. The preference groups that exist only in the side chain led to the fact that the peptides selected by DNN and MFS were simple linear structures and much more complicated than TAK-875. The complex side-chain structure of peptides causes it proneness to molecular–residue spatial conflicts when passing through the binding cleft, which was not conducive to the deepening of the carboxyl-terminal or side chain ionic groups of the peptide.

It is worth noting that the single-point mutation of the AA within the binding cleft is an effective strategy to form ionic bonds or hydrogen bonds. Moreover, a sufficiently long chain with a carboxyl terminus is necessary, which is essential for the peptide to reach ARG183 and ARG258. However, the long-chain carboxyl AAs of the LI01 mutant failed to reach the residues of ARG183 and ARG258. This is because the complex moiety outside the alpha helix of the LI01 mutant prevented the mutant from approaching GPR40. Interestingly, the mutant AAs of the AG02 mutant and the DE20 mutant did not form ionic bonds or hydrogen bonds with ARG residues as expected. Instead, the mutant binds to GPR40 in another position, and the mutant’s G28 passes through the alpha helix to form ionic and hydrogen bonds (Figures 11A,B).

The five peptides after flexible docking were all inserted into the binding cleft by one residue, and the remaining peptide residues on the outer surface had different effects on the affinity of peptides. The two main interactions of 4-15 were formed by CM25 and G28 on the outer surface. The affinity of 5-1 was mainly derived from two interactions: the π–H interaction formed by the G35 residue on the outer surface. The peptide residues on the outer surface of 4-4 contributed little to the affinity; and P107 and P131, respectively, formed only weak hydrogen bonds and π–H interactions. Most of the affinity was derived from the salt bridge formed by the G28 residue and the GPR40 residue entering the binding cleft for the two candidate mutants. The binding modes of peptides can be divided into two types: the binding mode is dominated by external surface residues; the other is the mode where a single residue penetrates the binding cleft. The mode of a single residue entering the binding pocket profoundly depends on the strong salt bridge. The mode dominated by residues on the outer surface is more dependent on van der Waals interactions. The two models may have different specificities and affinities, which can provide references for advanced peptide design.

4-4 and 5-1 broke away from the binding site in MD; even they obtain low GBVI upon the flexible docking. The GBVI of other ligands increases to varying degrees in MD (Table 3). This might be caused by conditions similar to those of the environment in the human body used by MD. The temperature of 310K increased the instability of the system. MD showed that the stability of peptides that relied on van der Waals interaction was lower than that of peptides that relied on salt bridges. Peptides that relied on salt bridges needed to enter the binding site as deep as possible to contact the arginine residues, which might be the main reason for their high stability. The peptides of the two binding modes (4-15 and mutants) showed different characteristics in many aspects of the MD analysis results. Although peptides that relied on salt bridges showed higher stability, peptides that relied on van der Waals interactions could achieve higher affinity by complex interactions.



CONCLUSION

In summary, we developed a novel protocol to rationally design peptides and to identify a peptide database that may show potency for the activation of GPR40. Machine learning combined with MFS could efficiently distinguish between active and inactive molecules. The comparison results of the two machine learning methods showed that the DNN had better performance than the 1D CNN on the peptide activity prediction task based on small data sets. We found that the MFS model focused on the main skeleton of the chemical structure, and the DNN was able to pay attention to more structural details, so the combination of the two strategies could comprehensively scan the chemical structures. Besides, the SDM approach successfully optimized the interaction between the lead peptides and GPR40 to make the peptide more comparable with the active compound. Then, flexible docking, a credible method to evaluate the affinity, was performed to confirm the candidates; and five peptides were finally selected for MD simulations. Three peptides showing good stability in MD simulations were selected as promising leads against T2DM. The strategy concept described here can efficiently discover new active peptides and require only a small amount of computing resources, cost-effective for scale-up assessments in peptide drug development.
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Ulcers are a lower-extremity complication of diabetes with high recurrence rates. Oxidative stress has been identified as a key factor in impaired diabetic wound healing. Hyperglycemia induces an accumulation of intracellular reactive oxygen species (ROS) and advanced glycation end products, activation of intracellular metabolic pathways, such as the polyol pathway, and PKC signaling leading to suppression of antioxidant enzymes and compounds. Excessive and uncontrolled oxidative stress impairs the function of cells involved in the wound healing process, resulting in chronic non-healing wounds. Given the central role of oxidative stress in the pathology of diabetic ulcers, we performed a comprehensive review on the mechanism of oxidative stress in diabetic wound healing, focusing on the progress of antioxidant therapeutics. We summarize the antioxidant therapies proposed in the past 5 years for use in diabetic wound healing, including Nrf2- and NFκB-pathway-related antioxidant therapy, vitamins, enzymes, hormones, medicinal plants, and biological materials.
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INTRODUCTION

Type II Diabetes (T2DM) is characterized by chronic hyperglycemia and is associated with significant vasculopathy (Brownlee, 2001). T2DM is a worldwide healthcare problem with increasing global prevalence (NCD Risk Factor Collaboration (Ncd-RisC), 2016). Foot ulcers, a lower-extremity complication of T2DM with high recurrence rates, is a substantial burden for patients with T2DM and society as a whole (Armstrong et al., 2017). The lifetime risk of a patient with T2DM developing a foot ulcer is estimated to be as high as 25% (Singh et al., 2005), and it is believed that every 30 s worldwide a lower limb is amputated as a consequence of T2DM (Boulton et al., 2005). An effective therapeutic approach that can improve wound healing in T2DM has the potential to revolutionize medicine.

Wound healing is the precise interplay of complex biological and molecular events including cell migration, cell proliferation, and extracellular matrix (ECM) deposition. The process is classically divided into four overlapping phases of coagulation, inflammation, migration-proliferation (including matrix deposition), and remodeling (Falanga, 2005). Wound healing requires the combined function of different cells including platelets, neutrophils, monocytes, macrophages, endothelial cells, keratinocytes, fibroblasts, and myofibroblasts. However, these processes and healing stages have been shown to be dysfunctional in patients with T2DM and collectively lead to overall impaired healing of acute wounds predisposing the patients to chronic, non-healing wounds such as diabetic foot ulcers (Avishai et al., 2017).

Oxidative stress is one of the main mechanisms involved in chronic diabetic foot ulcers. The concept of oxidative stress was introduced by H. Sies in 1985, who defined it as a shift in the prooxidant-antioxidant balance in favor of the former. Oxidative stress now also refers to an imbalance between oxidants and antioxidants in favor of oxidants, leading to a disruption of redox signaling and molecular damage (Sies, 2015). Oxidative stress can be classified into different subgroups ranging from physiological oxidative stress to excessive and toxic oxidative burden (Lushchak, 2014). Oxygen-dependent redox-sensitive signaling processes are an integral component of the healing cascade. Oxidative stress is necessary for wound disinfection and promotes wound healing by facilitating hemostasis, inflammation, angiogenesis, granulation tissue formation, wound closure, and development and maturation of the extracellular matrix(ECM) (Schafer and Werner, 2008; Sen and Roy, 2008). However, excessive and uncontrolled oxidative stress results in sustaining and deregulating inflammation, playing a central role in the pathogenesis of chronic non-healing wounds (Bryan et al., 2012). In diabetic wounds, ROS production through several ROS-generating enzymes is elevated, resulting in impaired wound healing processes via increased cell apoptosis and senescence with ongoing oxidative stress, lipid peroxidation, protein modification, and DNA damage (Schafer and Werner, 2008).

Given the importance of oxidative stress in the pathology of diabetic ulcers, this comprehensive review will focus on oxidative stress in diabetic wound healing, paying particular attention to the progress of antioxidant therapies in the past 5 years (Table 1).


TABLE 1. Antioxidant therapies used in diabetic wounds reported in the past 5 years (2016–2020).
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OXIDATIVE STRESS IN WOUND HEALING


Normal Wound Healing

Wound healing is a precise integration of complex biological and molecular events including cell migration, cell proliferation, and ECM deposition. It can be divided into the four overlapping phases of coagulation, inflammation, migration-proliferation (including matrix deposition), and remodeling (Falanga, 2005). As has been reported in numerous studies, wound healing is the joint effort of various cells including platelets, neutrophils, monocytes, macrophages, endothelial cells, keratinocytes, fibroblasts, and myofibroblasts.

In the coagulation phase, platelets, together with a meshwork of polymerized fibrinogen (fibrin), fibronectin, vitronectin, and thrombospondin, participate in the construction of fibrin plugs, providing a temporary wound coverage to protect the wound and defend bacteria (Singer and Clark, 1999). During their incorporation within the plug, platelets aggregate and release a wide range of growth factors such as platelet-derived growth factor (PDGF), epidermal growth factor (EGF) and transforming growth factor-β (TGF-β) (Rodrigues et al., 2019).

During the inflammation phase, neutrophils and monocytes, recruited by PDGF, aid in microorganism killing and produce several key growth factors and mediators to promote wound healing (Singer and Clark, 1999). Neutrophils secrete proteolytic enzymes and release reactive oxygen species (ROS) into the wound bed to combat invading bacteria. Neutrophils also release important cytokines, such as TGF- β1, monocyte chemoattractant protein 1, and fragments of ECM proteins to recruit monocytes (Mirza and Koh, 2015). Monocytes, recruited to the wound, differentiate into pro-inflammatory macrophages to aid in the inflammatory process by phagocytosing dead neutrophils, cellular debris and bacteria (Schafer and Werner, 2008). These leukocytes also secrete new growth factors and cytokines such as TGF- β1, fibroblast growth factor (FGF), PDGF, and vascular endothelial growth factor (VEGF) aiding in the migration-proliferation phase (Mirza and Koh, 2015).

In the migration-proliferation phase, keratinocytes start migrating with the disassembly of hemidesmosomes, and a keratinocyte proliferative burst is followed to close the defect and create a new epidermis (re-epithelialization) (Martin, 1997). Fibroblasts convert into myofibroblasts that secrete ECM proteins, aiding in closure of the wound (Bainbridge, 2013; Quan et al., 2013). Endothelial cells also play a crucial role in this phase. Endothelial cells proliferate, migrate, and branch to form new blood vessels (Falanga, 2005), allowing re-supply of oxygen and other nutrients. While new blood vessels form, endothelial cells, together with macrophages and fibroblasts, form the early granulation tissue that begins the process of contraction (Martin, 1997). Due to expression of α- smooth muscle actin in microfilament bundles or stress fibers, myofibroblasts exhibit contractile properties, promoting contraction and maturation of the granulation tissue (Bainbridge, 2013). Granulation tissue lays down collagen, eventually resulting in scar formation (Bainbridge, 2013; Landen et al., 2016; Tracy et al., 2016).

The remodeling phase is the last phase in healing. In this phase, synthesis of ECM is considerably reduced, and synthesized components are modified as the matrix is remodeled. Excess cells undergo apoptosis and are removed by resident macrophages and histiocytes (Schafer and Werner, 2008). With the development of the recovery process, granulation tissue rich in type III collagen is replaced by a less vascularized and more resistant tissue rich in type I collagen (Singer and Clark, 1999). The newly formed tissue is strong due to the tensile strength of various components of the ECM and fibroblasts of the scar tissues (Stadelmann et al., 1998). Elastin, which is absent in the granulation tissue and normally contributes to skin elasticity, reappears in this phase (Bainbridge, 2013; Landen et al., 2016; Tracy et al., 2016). The skin barrier is re-established to protect the newly formed tissue from the environment (Loots et al., 1998). The remodeling phase proclaims the termination of wound healing.



Oxidative Stress Impairs Diabetic Wound Healing

Individuals with diabetes demonstrate disturbances in all four individual healing stages that collectively lead to an overall impaired wound healing predisposing to chronic non-healing wounds such as diabetic foot ulcers (Avishai et al., 2017). Several studies have highlighted that impaired wound healing in diabetes is associated with the elevated levels of oxidative stress (Martin, 1996; Schafer and Werner, 2008). Hyperglycemia induces an increase in intracellular ROS generation, activating intracellular metabolic pathways, such as the polyol pathway and PKC signaling, leading to suppression of antioxidant enzymes and compounds (Evans et al., 2002). Excessive ROS generation in diabetes is also due to acute rises in serum glucose and accumulation of advanced glycation end products (AGEs) (Monnier et al., 2006). AGEs are potent prooxidants, a risk factor for injury and chronic ulcers. In chronic diabetic wounds, redox homeostasis is damaged by excessive ROS generation, causing loss of antioxidants and resulting in cell oxidative damage and wound healing inhibition (Wlaschek and Scharffetter-Kochanek, 2005; Zhang et al., 2018). The impacts of oxidative stress on the individual phase of wound healing are summarized as follows.

In the inflammation phase, oxidative stress in wounds influences the normal function of macrophages and neutrophils, resulting in prolonged inflammation. The increased number of neutrophils results in the production of ROS and excessive oxidative stress during inflammation, which damages the surrounding cells, tissues, and fibroblasts (Park et al., 2018). Oxidative stress also influences the macrophage differentiation and polarization impairing wound healing. T2DM induces pathological hematopoietic stem cells (HSCs) oxidant stress that can reduce the number and function of terminally differentiated inflammatory cells. Yan et al. (2018) reported that T2DM induces oxidant stress in HSC through a Nox-2-dependent mechanism and decreases microRNA let-7d-3p, which, in turn, upregulates the expression of Dnmt1. Increased Dnmt1 expression results in the downregulation of the genes responsible for HSC differentiation to monocytes/macrophages, and consequently reduces macrophage infiltration, driving polarization toward M1 macrophages (pro-inflammatory function), which causes excessive and prolonged inflammation in murine diabetic wounds (Khanna et al., 2010; Gallagher et al., 2015). Moreover, diabetic fibrocytes show a pro-inflammatory phenotype, which also contributes to arrest the process at the inflammatory phase (Falanga, 2005).

In the migration-proliferation phase, oxidative stress exerts its effects on endothelial cells, keratinocytes and fibroblasts, resulting in endothelial dysfunction, abnormal keratinocyte migration and proliferation, as well as impaired fibroblast proliferation, migration, differentiation. Oxidative stress is commonly implicated as an important unifying mechanism in endothelial dysfunction, which underlies both the micro- and macrovascular complications of T2DM (Rochette et al., 2014). Oxidative stress is a cell damage related factor that causes damage to proteins, lipids, and DNA in the cells, leading to cell death and subsequent tissue dysfunction (Long et al., 2016). Oxidative stress alters the functional capacity of endothelial nitric oxide synthase (eNOS) and directly degrades vasoprotective nitric oxide (NO) by ROS, resulting in diminished bioavailability of NO and endothelial dysfunction (Roberts and Porter, 2013). Oxidative stress also impairs keratinocytes. High-glucose environments disturb keratinocyte function including migration and proliferation. Gap junction abnormalities increase oxidative stress (Hu and Lan, 2016). Higher oxidative stress is associated with increased production of Interleukin (IL)-8 in high glucose–treated keratinocytes, which is responsible for recruiting neutrophils and impaired wound healing (Lan et al., 2013). Oxidative stress contributes to antiangiogenic molecule thrombospondin-1 (TSP1) DNA hypomethylation in keratinocytes exposed to hyperglycemia, resulting in overexpression of TSP1 that impairs proper wound healing (Lan et al., 2016). Oxidative stress also impairs fibroblasts. Increased free radical generation and lack of antioxidant defenses interfere with fibroblast proliferation (Schafer and Werner, 2008). Diabetic fibrocytes also demonstrate reduced expression of the C-X-C motif and C-C motif chemokine receptors (CXCR)4, (CCR)5, and CCR7 with weak migration in response to their ligands (CXCL)12, (CCL) 5, and CCL21 (Walker et al., 2018). Diabetic fibrocytes lose the ability to differentiate into myofibroblast-like cells on stimulation by growth factors that promote wound healing (Walker et al., 2018).

In the remodeling phase, oxidative stress impairs collagen deposition and ECM remodeling. Delayed diabetic wound healing is characterized by an increase in matrix metalloproteinase (MMPs) and a reduction in some growth factors, such as TGF-β1 (Jude et al., 2002; Blakytny and Jude, 2006; Long et al., 2016). TGF-β1 signaling works as the regulator in a series of biological processes of skin regeneration and wound healing, such as angiogenesis and re-epithelialization (Amento and Beck, 1991). High levels of ROS impair collagen production and tissue growth, resulting in halted wound closure (Loo et al., 2012). Interference of ECM production is highlighted through disruption of TGF-β1 signaling (Davies, 2005; He et al., 2014). High ROS levels affect ECM remodeling by regulating MMP expression (Hantke et al., 2002), which remodels tissue through proteolytic degradation (Caley et al., 2015). Excessive MMP activity inhibits the remodeling process and delays wound healing (Ravanti and Kahari, 2000).

Taken together, the impact of oxidative stress induced by hyperglycemia is widespread impairing the majority of cells and mechanisms involved in wound healing.



ANTIOXIDANT THERAPY IN DIABETIC WOUND HEALING


The Nrf2 Pathway and Antioxidant Therapy

The nuclear factor erythroid–related factor 2 (Nrf2)/kelch-like erythroid cell–derived protein 1 (Keap1) pathway encompasses a central cellular defense mechanism that maintains redox homeostasis, but is disrupted in T2DM (Kensler et al., 2007; Soares et al., 2016). Nrf2 is a transcription factor regulating a wide range of genes influencing redox homeostasis, metabolism and repair (Hayes and Dinkova-Kostova, 2014). Keap1 is a Cul-E3 ligase regulating the progress of Nrf2 turnover and the ability of Nrf2 to translocate to the nucleus and activate the cellular antioxidant response (Wakabayashi et al., 2004). Keap1 functions as an intracellular ROS sensor and oxidants and electrophiles modify its cysteine residues. Under unstressed conditions, Keap1 interacts with Nrf2 and the cell’s actin cytoskeleton to sequester Nrf2 to the cytoplasm and promote ubiquitination and degradation of Nrf2 (Choi et al., 2014; Zoja et al., 2014). In the presence of oxidative stress, certain cysteine-rich oxidant and electrophile sensing regions of Keap1 are covalently modified, preventing Nrf2 ubiquitination. Nrf2 dissociates from its repressor Keap1, translocating to the nucleus and forming heterodimers with the Maf protein in the nucleus binding to Maf recognition element sequences, such as the antioxidant response element (ARE) and electrophile response element (EpRE) (Surh et al., 2005). Nrf2 responds to oxidative stress by activating key genes including NAD(P)H quinone oxidoreductase 1 (NQO1), manganese superoxide dismutase (MnSOD), heme oxygenase 1 (HO-1), glutamate cysteine ligase (GCL), and glutathione S-transferases (GSTs) (Baird and Dinkova-Kostova, 2011; Ruiz et al., 2013).

Since the Nrf2/Keap1 pathway is one of the master switch systems in oxidative stress (Sies, 2015), therapies based on Nrf2/Keap1 pathway have been reported. Keap1 is an important target in antioxidant therapy. Topical delivery of siRNAs is considered to be effective in diabetic wound treatment due to its temporary limitation to local applications and extrachromosomal function. Soares et al. (2016) reported that application of siRNA against Keap1 improved the redox homeostasis and accelerated diabetic tissue regeneration to near-normal levels by upregulating Nrf2-downstream antioxidant gene products such as NQO1 and MnSOD. Biomaterials designed to improve delivery efficiency of siKeap1 also show excellent effect in diabetic wound healing with severe oxidative stress. Rabbani et al. (2017) constructed a novel lipoproteoplex (LPP) nanoparticle, with optimal siRNA complexation, minimal cytotoxicity, and increased transfection efficacy. Application of this LPP complexing siKeap1 restored Nrf2 antioxidant function, accelerated diabetic tissue regeneration, and augmented reduction-oxidation homeostasis in murine diabetic wounds. Together, these studies suggest that targeted therapeutic strategies that reduce Keap1 expression may be an ideal, rapidly translatable way to treat cutaneous defects in T2DM.

Nrf2 is a central regulator of redox mechanisms. Firstly, topical application of Nrf2 activators provides a practical therapeutic intervention in diabetic wound healing. Sulforaphane (SF) and cinnamaldehyde (CA) are two known activators of NRF2 (Wu et al., 2013, 2016; Jiang et al., 2014), shown to be effective in ameliorating diabetic wound healing in a mouse model (Long et al., 2016). Likewise, Li et al. (2018b) showed that Dimethyl fumarate (DMF), a potent activator of NRF2, minimized oxidative damage and inflammation, and accelerated diabetic wound healing by producing DMF-elevated antioxidants and neutralizing ROS-induced excessive free radicals. Improving Nrf2 expression level in diabetic wound tissue is also a promising therapeutic strategy. RTA 408, a semi-synthetic oleanane triterpenoid, has been shown to have cytoprotective effects in human and rat skin through upregulation of Nrf2 target genes (Reisman et al., 2014, 2015). Rabbani et al. (2018) reported that application of 0.1% RTA 408 led to accumulation of Nrf2 in the nucleus, in conjunction with induction of the key antioxidant NQO1, and reversed the delayed healing trend of full thickness cutaneous wounds, significantly reducing the time to re-epithelialization in Leprdb/db mice. Genistein, an isoflavone in legumes with estrogen-like and antioxidative effects, accelerated wound healing in diabetic ICR mice by elevating Nrf2 and its related markers such as HO-1, GPx, catalase, and SODs (Wang et al., 1996; Eo et al., 2016). Additionally, carriers with Nrf2 have been shown to be excellent therapeutic strategies in diabetic wound healing. Li et al. (2018a) isolated the exosomes from Nrf2 overexpression adipose-derived stem cells (ADSCs). Compared with exosomes that originated from wild-type ADSCs, treatment with exosomes derived from ADSCs overexpressing Nrf2 were more effective in increasing granulation tissue formation, angiogenesis, and reducing inflammation and oxidative stress-related proteins detected in the wound beds of diabetic rats (Li et al., 2018a). Therefore, Nrf2 is a pertinent therapeutic target in diabetic wound healing.

Studies reveal the importance of the Nrf2/Keap1 pathway in antioxidant use in diabetic wound healing. The aforementioned studies provide insight that Nrf2 and Keap1 can be significant targets in gene and molecular therapy of diabetic wound healing (Figure 1).
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FIGURE 1. Nrf2 pathway and related antioxidant therapy. Nrf2 pathway and related antioxidant therapy. This figure shows the activation of the Nrf2 pathway and effects of antioxidant therapy targeting this pathway. Under unstressed conditions, Keap1 interacts with Nrf2 and the cell’s actin cytoskeleton to keep Nrf2 inactive in the cytoplasm and promote ubiquitination and degradation of Nrf2. Oxidative stress causes Nrf2 to detach from Keap1 and translocate to the nucleus where it heterodimerizes with Maf. The Nrf2-Maf heterodimer binds to ARE to induce the expression of antioxidant and metabolic genes including NQO1, MnSOD, HO-1, GCL, and GSTs. Oxidative stress can be regulated by activating the Nrf2 pathway. siKeap1 downregulates the levels of Keap1 by incorporating into an RNA-induced silencing complex (RISC) and inducing degradation of the complementary mRNA of Keap1. Nrf2 activators, such as SF, CA, DMF, RTA408 and genistein, stimulate the Nrf2 pathway and ameliorate oxidative stress.




The NFκB Pathway and Antioxidant Therapy

The nuclear factor κB (NFκB) signaling pathway is known for its pro–inflammatory and pro–oxidant functions, and is reported as a master switch system in oxidative stress (Sies, 2015). Oxidative stress as well as inflammation activate the NFκB complex, which in turn is related to the cellular redox state (Hirota et al., 1999). Increasing expressions of NFκB genes and proteins contribute to enhanced oxidative stress (Mariappan et al., 2010).

The NFκB is a transcription factor consisting of homo- and heterodimers of five distinct proteins, the REL subfamily proteins (p65/RELA, RELB, and c-REL) and the NFκB subfamily proteins (p50 and p52) (Mitchell et al., 2016; Lingappan, 2018). NFκB is normally localized in the cytoplasm as a heterodimer such as p50/p65 (RelA). The Rel homology domain (RHD) in NFκB reacts on dimerization, recognition and binding to DNA as well as interaction with the inhibitory κB (IκB) proteins. IκB proteins bind to and block the nuclear localization signal of NFκB, resulting in sequestering of p65 in the cytoplasm and inhibiting the transcriptional activity of NFκB (Vallabhapurapu and Karin, 2009). IκB proteins possess nuclear export signals removing NFκB proteins from the nucleus, strictly regulating the pathway. Inflammatory signals (such as TNF-α or lipopolysaccharide) induce phosphorylation of IκB proteins by upstream kinases (IKK), resulting in the ubiquitination and degradation of IκB. Active NFκB translocates to the nucleus and activates the target genes (Zhang et al., 2017). NFκB induces the expression of inflammatory cytokines such as tumor necrosis factor alpha (TNF-α) (Yao et al., 1997), interleukin 1 beta (IL-1β) (Goto et al., 1999), interleukin 6 (IL-6) (Libermann and Baltimore, 1990), cyclooxygenase 2 (COX-2) (Kim et al., 2000), and inducible nitric oxide synthase (iNOS) (Taylor et al., 1998). The NFκB pathway also induces NADPH oxidase (NOX-2) subunit gp91phox and exacerbates oxidative stress (Anrather et al., 2006). Studies have reported that expression of NFκB pathway genes is upregulated in diabetic rats, triggering downstream expression of inflammatory cytokines (such as TNF-α, IL-1β, and IL-8) and delaying wound healing (Ren et al., 2019). NFκB also regulates the NOD-like receptor protein-3 (NLRP3) inflammasome (Bauernfeind et al., 2009), which is a target mechanism in promoting wound healing during the early stages (Weinheimer-Haus et al., 2015). It should be noted that although the NFκB pathway also has antioxidant functions and targets such as MnSOD (Kairisalo et al., 2007; Lingappan, 2018), current therapeutic strategies focus on suppression of the NFkB pathway in diabetic wound healing. NFκB has been considered as a crucial molecule contributing to end-organ damage T2DM. Therapeutic strategies related to the NFκB pathway are as follows.

Application of miR-146a against the NFκB pathway in wound healing has been reported. miR-146a is an anti-inflammatory microRNA known for its inhibitory effect on the NFκB pro-inflammatory signaling pathway, known to be decreased in diabetic wound healing (Xu et al., 2012). miR-146a targets and represses tumor necrosis factor receptor-associated factor 6 (TRAF6) and interleukin-1 receptor-associated kinase 1 (IRAK1), key adapter molecules in NFκB pathway activation (Xu et al., 2012; Xie et al., 2018). Enhancing expression of miR-146a can decrease levels of phosphorylated IκB-α, phosphorylated NFκB and total NFκB (Chen et al., 2013). miR-146a in conjugation with cerium oxide nanoparticles (CNP) has been proposed as a therapy for diabetic wound healing. CNP-miR146a improved wound healing in a murine and porcine diabetic wound model (Zgheib et al., 2019). CNP-miR146a combined with an efficient delivery system, such as nanosilk (Niemiec et al., 2020) or self-healable zwitterionic cryogels (Sener et al., 2020), demonstrated efficacy in accelerating diabetic wound healing.

SIRT1 (Sirtuin 1) is an important target in diabetic wound healing, and antagonizes the effect of NFκB pathway. SIRT1, a NAD-dependent class III histone deacetylase, suppresses binding of NFκB to inflammation-related gene promoters and its transcriptional activities by deacetylating the p65 subunit at lysine (Yeung et al., 2004). Downregulation of SIRT1 leads to hyperacetylation of p65, resulting in inflammation (Yeung et al., 2004; Kauppinen et al., 2013). Low expression of SIRT1 has been shown in diabetic rats and human umbilical vein endothelial cells (HUVECs) under hyperglycemia conditions (Yerra et al., 2017; Li et al., 2019). Therapeutic strategies of diabetic wound healing targeting the SIRT1 have been reported in recent years. Resveratrol, a well-known SIRT1 activator, accelerates wound healing by attenuating oxidative stress-induced impairment of cell proliferation and migration (Zhou et al., 2021). SIRT1 inhibits the expression of matrix metalloproteinase-1 and −3, delaying wound healing. Likewise, SIRT1 is a target of berberine, an eminent traditional Chinese and Ayurvedic medicine (Feng et al., 2019). Zhang et al. (2020) reported a novel berberine nanohydrogel that activates SIRT1, inhibiting the expression of NFκB and ameliorating diabetic wound healing through effective reduction of inflammation and promotion of angiogenesis. SRT1720, a specific SIRT1 activator, demonstrating locally improved wound healing and angiogenesis in STZ-induced diabetic mice (Li et al., 2019).

Several plant medicines that promote diabetic wound healing by regulating the NFκB pathway have been reported in recent years. Asiatic acid, the most active substance in the extracts of Chinese herbal compound Centella asiatica (Coldren et al., 2003), attenuates prolonged inflammation by downregulating NFκB activation in RAW 264.7 macrophage cells and reducing pro-inflammatory cytokine IL-1β, TNF-a and IL-6 (Yun et al., 2008). Han et al. (2019) reported that application of Asiatic acid together with aligned poly (L-lactic acid) electrospun scaffolds as drug-delivery system can accelerate re-epithelization, angiogenesis and ECM formation by relieving the high oxidative stress and inflammation in diabetic wounds. Likewise, syringic acid is involved in the suppression of NFκB activation and the inflammatory response to improve wound healing (Ren et al., 2019). Similarly, genistein promotes angiogenesis and accelerates healing related to the regulation of the NFκB pathway (Eo et al., 2016).

In summary, overactivation of NFκB pathway impairs wound healing in T2DM. Recent studies demonstrate that miR-146a and SIRT1 can be therapy targets in suppression of activated NFκB pathway and promotion of diabetic wound healing (Figure 2).
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FIGURE 2. NFκB pathway and related antioxidant therapy. NFκB pathway and related antioxidant therapy. This figure shows the activation of the NFκB pathway and the effects of antioxidant therapy targeting this pathway. In resting state, NFκB dimers form a complex with the inhibitory protein IκB, which is located in the cytoplasm. Inflammatory signals (such as TNF-α) induce phosphorylation of IκB through upstream kinases (IKK), resulting in the ubiquitination and degradation of IκB. Active NFκB translocates to the nucleus and activates target genes including TNF-α, IL-1β, IL-6, COX-2, iNOS, and NOX-2, resulting in oxidative stress and inflammation. Oxidative stress can be regulated by inhibiting the NFκB pathway. MiR-146a can target and repress tumor necrosis factor receptor-associated factor 6 (TRAF6), inhibiting the activation of IKK and the NFκB pathway. SIRT1 activators, such as resveratrol, berberine and SRT1720, suppress binding of NFκB to inflammation-related gene promoters and their transcriptional activities by activating SIRT1, a NAD-dependent class III histone deacetylase that leads to deacetylation of the p65 subunit.




Vitamins and Other Endogenous Molecules

Endogenous molecules such as glutathione, ubiquinones, uric acid, and lipoic acid, as well as vitamins E and C (ascorbic acid), carotinoids, and phenolic compounds have direct antioxidant effects and are involved in the regulation of the redox balance in skin wound healing (Schafer and Werner, 2008). As oxidative stress plays a major role in impaired diabetic wound healing, use of antioxidants to improve healing by modulating inflammation and the antioxidant system with no effect on glycemia is promising. Use of antioxidant vitamins, such as Vitamins E and C, has been reported to promote diabetic wound healing in recent studies. Vitamin E (α-tocopherol) interacts directly with peroxyl radicals, superoxide and singlet oxygen to protect cell membranes against lipid peroxidation, while vitamin C recycles the tocopherol radical, enhances its antioxidant activity, and generates dehydroascorbic acid to reduce oxidative stress (Maritim et al., 2003). Oral administration of vitamins E and C effectively restored the antioxidant enzyme activities, reducing ROS levels and accelerating wound closure in diabetic mice (Pessoa et al., 2016). Likewise, tocotrienols belong to the vitamin E-family. A study has reported that mono-epoxy-tocotrienol-α showed beneficial effects on wound healing in a diabetic (db/db) mouse model by increasing the expression of genes involved in cell growth, motility, angiogenesis, and mitochondrial function (Xu et al., 2017). Similarly, folic acid, a vitamin with direct antioxidant effects, improved collagen deposition and promoted wound healing via suppression of oxidative stress in diabetic mice (Zhao et al., 2018). Together, these studies indicate the importance of antioxidant vitamins in diabetic wound healing.

Overproduction of mitochondrial ROS (mtROS) is linked to the damaging effects of hyperglycemia (Giacco and Brownlee, 2010), and mitochondria-targeted antioxidants can be helpful in diabetic wound healing. Demyanenko et al. (2017) reported that administration of the mitochondria-targeted antioxidant SkQ1 suppressed oxidative stress, accelerated wound closure and stimulated epithelization, granulation tissue formation, and angiogenesis.

Therefore, administration of vitamins and other endogenous antioxidant molecules is an effective therapy method in diabetic wound healing that should be considered.



Antioxidant Enzymes

Antioxidant enzymes play a crucial role in oxidative stress and chronic diabetic wounds (Panayi et al., 2020). Major antioxidant enzymes include superoxide dismutase (SOD), catalase, glutathione peroxidase, and heme oxygenase. In recent years, studies have reported the application of antioxidant enzymes in diabetic wound healing.

Superoxide dismutase is an antioxidant enzyme involved in oxidative stress. As an endogenous factor capable of scavenging free radicals, SOD catalyzes the decomposition of superoxide radicals into hydrogen peroxide which is converted into water and oxygen (Maier and Chan, 2002). However, SOD is expressed at inadequate levels in diabetic wound healing, resulting in excessive oxidative stress and impaired wound healing. In recent years, studies have reported use of SOD in diabetic wound healing, with SOD-loaded effectively promoting the repair of chronic diabetic wounds (Zhang et al., 2018).

HO-1, which is involved in the production of antioxidant enzymes associated with Nrf2 activation (Lee et al., 2011), is an important therapeutic target. HO-1 has protective effects on various cells and tissues while induction of HO-1 is a crucial event in the defense against cellular stress by maintaining anti-oxidant/oxidant homeostasis (Choi and Alam, 1996; Molavi and Mehta, 2004; Abraham and Kappas, 2008). HO-1 cleaves the α-methene bridges of heme to produce equimolar amounts of biliverdin and carbon monoxide (CO) (Maines and Kappas, 1977). Under the catalyzation of NADPH biliverdin reductase, biliverdin is transformed into bilirubin. Both bilirubin and biliverdin are powerful antioxidants (Jansen et al., 2010). CO functions as a gaseous signaling molecule that elicits an anti-inflammatory and anti-oxidative response (Ryter and Choi, 2009). Studies have shown the effect of HO-1 regulation in diabetic wound healing. Chen et al. (2016b) reported that use of hemin, a strong inducer of HO-1, can accelerate wound closure by reducing inflammatory cytokines such as TNF-α and IL-6, increasing antioxidants, and promoting angiogenesis in diabetic rat wounds. On the other hand, application of in-protoporphyrin IX (SnPPIX), a HO-1 inhibitor, exacerbated the oxidative stress conditions and delayed wound contraction in non-diabetic mice (Kumar et al., 2019). Together, studies in recent years have confirmed the efficacy of HO-1 regulation in diabetic wound healing.

Overall, regulation of the expression and activity of antioxidant enzymes is a promising therapy for diabetic wound healing.



Hormones

Some hormones have been reported to be useful in diabetic wound healing. 17β-estradiol (E2) regulates energy homeostasis and glucose metabolism, which play a crucial role in regulating antioxidant enzyme expression and redox states (Bellanti et al., 2013). E2 can act as a cytoprotective antioxidant and has been shown to reduce excessive ROS formation, facilitating cell survival in a high glucose environment. Transplantation of hUCB-MSCs combined with E2 treatment can promote wound healing and angiogenesis through ERα-induced Nrf2 and Sirt3 signaling (Oh et al., 2019). Similarly, 5α-dihydrotestosterone has a positive antioxidant effect in secondary wound healing in diabetic rats, increasing the proportion of type I and type III collagen fibers and the level of SOD (Goncalves et al., 2016).



Medicinal Plants

Medicinal plants, as well as their preparations and active compounds, have been utilized in wound healing and have been shown to regulate different metabolic pathways (Fronza et al., 2009; Kant et al., 2015). Some medicinal plants and their active compounds can modify the processes in the redox signaling pathway promoting diabetic wound healing. Medicinal plant compounds such as genistein and dimethyl fumarate accelerate wound healing through stimulation of the Nrf2 pathway and through other anti-inflammatory and antioxidant properties (Eo et al., 2016; Long et al., 2016). Medicinal plant compounds such as asiatic acid, syringic acid, and genistein accelerate the healing process through downregulation of the NFκB pathway (Eo et al., 2016; Han et al., 2019; Ren et al., 2019). Hydroethanolic extract of the strychnos pseudoquina has been shown to accelerate wound healing through modulating the oxidative status and microstructural reorganization in diabetic rats (Sarandy et al., 2017). Deoxyshikonin, the major angiogenic compound extracted from Lithospermi Radix, can exert antioxidant activities and promote phosphorylation of ERK and p38 and VEGFR-2 expression in diabetic wound healing (Park et al., 2018). Quercetin, a flavonoid plant ingredient, enhances organized granulation and fibrillar collagen formation by limiting prolonged inflammation, improving the glycemic state, increasing the insulin level, suppressing oxidative stress and enhancing the antioxidant defense system (Ahmed et al., 2018).

The application of medicinal plants in diabetic wound healing is a therapeutic strategy that has garnered attention in studies of recent years as using alternative therapies and natural remedies in faster wound healing upsurges in recent years. Medicinal plants and their active compounds with anti-inflammatory and antioxidant properties demonstrate a positive effect on diabetic wound healing.



Biological Materials in Antioxidant Therapy


Hydrogels

Hydrogel is a promising material for wound healing, which possesses air permeability, moisture retention, possibility to load bioactive agents and the capability to absorb wound exudate and cool the wound surface leading to pain relief for patients (Gong et al., 2013; Zhang et al., 2018). Application of antioxidant-loaded hydrogels in diabetic wound healing has been developed. Superoxide dismutase (SOD)-loaded hydrogels have been shown to be effective in decreasing ROS generation and oxidative stress in chronic wounds. Zhang et al. (2018) constructed a novel SOD-loaded antioxidant hydrogel which exhibited sustained release of SOD with high activity in diabetic wound healing. The SOD-loaded hydrogel promoted healing of diabetic wounds by accelerating re-epithelialization and increasing collagen deposition. Similarly, Augustine et al. (2021) developed a biodegradable gelatin methacryloyl (GelMA) hydrogel patch incorporated with cerium oxide nanoparticles, which showed adequate exudate uptake capacity, effective free radical scavenging activity and capacity to establish a suitable microenvironment for cell proliferation in the wound healing of diabetic rats. Likewise, Alginate hydrogels have been particularly promising for use in wound healing owing to their good biocompatibility and ease of gelation (Lee and Mooney, 2012). Fan et al. (2019) developed a nanocomposite alginate hydrogel eluding the radical free scavenger edaravone with use of Eudragit nanoparticles to enhance the Edaravone’s solubility and stability. The Edaravone-eluting nanocomposite hydrogel downregulated ROS levels in diabetic mice and promoted wound healing in a dose-dependent manner. Sener et al. (2020) constructed a biomaterial system of zwitterionic cryogels laden with the anti-inflammatory and antioxidant CNP-miR146a, demonstrating efficacy and viability in the wound healing of diabetic mice. Taken together, antioxidant-loaded hydrogels are feasible therapies in diabetic wound healing.



Nanobiopolymers

Nanobiopolymers, such as nanocellulose, nanochitin, nanosilk, nanostarch, and microbial nanobiopolymers, which are produced by living organisms, have received widely scientific and engineering interests for their sustainable and biodegradable properties in recent years (Yang et al., 2019). Nanosilk, characterized by a high strength-to-density ratio and an ability to exhibit strain hardening, shows significant application in diabetic wound healing. Niemiec et al. (2020) prepared nanosilk-based materials on silk fibroin, a biocompatible polymer that can be fabricated into a nanostructure. The Nanosilk preparation showed effective delivery of CNP-miR146a to the wound bed, which downregulated pro-inflammatory signaling and promoted pro-fibrotic processes, ultimately accelerating diabetic wound healing.



Scaffolds

Scaffolds are regarded as promising materials for tissue engineering, and improved results have been reported in diabetic wound healing in studies of recent years. The 3D fibrous scaffolds of poly(lactic acid-co-glycolic acid) (PLGA) fabricated by liquid-collecting electrospinning have been used to simulate the ECM microenvironment, providing mechanical support for cell adhesion and promoting cell growth in wounds (Chen et al., 2016a). Han et al. (2019) utilized an asiatic acid -embedded aligned porous poly(L-lactic acid) electrospun fibrous scaffold (AA-PL), to promote angiogenesis, ECM formation and re-epithelization by relieving the high oxidative stress, inflammation and infection in diabetic wound healing.



Framework Nucleic Acids

Framework nucleic acids (FNAs) – biocompatible and biodegradable nucleic acids – show advantages in tailorable functionality and multiple modifiability, which can be applied to drug delivery and nanomedicine (Lin et al., 2020). Lin et al. (2020) demonstrated that framework nucleic acids (tFNAs) attenuated inflammation, prevented oxidative damage, and promoted angiogenesis in diabetic wound healing.

Therefore, studies in recent years have reported multiple combinations of antioxidant therapy and biological materials in diabetic wound healing. This provides insight that biological materials loaded with antioxidant agents can decrease oxidative stress and promote healing and are promising for diabetic wound healing.



CONCLUSION AND PROSPECTS

Numerous studies have highlighted the promising potential of antioxidant therapy in diabetic wound healing given the central role of oxidative stress in the pathology of chronic diabetic wounds. This review summarizes the antioxidant therapy that has been studied for use in diabetic wound healing in the past 5 years. The NFκB and Nrf2/Keap1 pathways are key pathways in oxidative stress, therefore therapies targeting these pathways have been shown to effectively promote diabetic wound healing. Antioxidants and enzymes with direct antioxidant effects can downregulate oxidative stress and accelerate diabetic wound closure. Hormones can regulate energy homeostasis and glucose metabolism to relieve oxidative stress. Medicinal plants with anti-inflammatory and antioxidant properties have been shown to improve diabetic wound healing. Biological materials loaded with antioxidant agents decrease oxidative stress and promote diabetic wound healing. Despite the rapid development in the field of antioxidant therapy for diabetic wound healing, a complete cure for diabetic ulcers has yet to be developed. As the evidence from recent years is largely based on animal experiments, further research on the use of antioxidant therapy in humans, as well as the function of antioxidants at the genomic and molecular level, is necessary to elucidate the key roles of oxidative stress and redox homeostasis in diabetic wound healing.
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Immunotherapy has emerged as a promising strategy for cancer treatment, in which durable immune responses were generated in patients with malignant tumors. In the past decade, biomaterials have played vital roles as smart drug delivery systems for cancer immunotherapy to achieve both enhanced therapeutic benefits and reduced side effects. Hydrogels as one of the most biocompatible and versatile biomaterials have been widely applied in localized drug delivery systems due to their unique properties, such as loadable, implantable, injectable, degradable and stimulus responsible. Herein, we have briefly summarized the recent advances on hydrogel-by-design delivery systems including the design of hydrogels and their applications for delivering of immunomodulatory molecules (e.g., cytokine, adjuvant, checkpoint inhibitor, antigen), immune cells and environmental regulatory substances in cancer immunotherapy. We have also discussed the challenges and future perspectives of hydrogels in the development of cancer immunotherapy for precision medicine at the end.
Keywords: hydrogels, smart delivery, cancer immunotherapy, immunomodualtors, immune cells, environmental regulatory substance
INTRODUCTION
In the past decade, cancer immunotherapy has shifted the paradigm for the treatment of cancers that it activates patients’ own immune systems to attack and kill cancers. Till now, cancer immunotherapy includes five main classes, immune checkpoint blockade (ICB) therapy, lymphocyte promoting cytokine therapy, chimeric antigen receptor T-cell (CAR-T) therapy, agonistic antibodies and cancer vaccines (Chao et al., 2019; Tang et al., 2021; Yang et al., 2020). The success of those therapies relies on the administration of corresponding biomacromolecules such as checkpoint inhibitors, cytokines, antibodies or T cells and vaccines (Li et al., 2020; Tang et al., 2021). However, high dose or multiple injections involved in conventional drug administration methods may introduce many problems such as safety issues and efficacy (Chao et al., 2019). For instance, the toxicity caused by the delivery agents and the complex tumor microenvironments are still challenges for the development of suitable delivery systems for cancer immunotherapy (Vigata et al., 2020). Therefore, novel delivery approaches could increase the accumulation of immune therapeutics in targeted sites, enabling more effective treatment and reduced side effects (Qiu et al., 2020). Biomaterials such as lipids (Yang et al., 2020), polymers (Munoz et al., 2021), polypeptides and hydrogels (Hoffman, 2012; Munoz et al., 2021) have played vital roles as smart delivery systems for cancer immunotherapy. The unique physicochemical properties of hydrogel have attracted broad attentions of researchers (Hoffman, 2012; Pal et al., 2013).
Firstly, hydrogels are formed by hydrophilic polymer chains absorbing large amounts of water (Ahmed, 2015; Oliva et al., 2017). The water content could reach 90%, which provides a suitable physiological environment for the cargoes (Akhtar et al., 2016; Xie et al., 2021). Hydrogels with excellent biocompatibility highly mimic the properties of nature tissues because of their high water content (Salah et al., 2020). Furthermore, the softness and rubbery properties of hydrogels minimize inflammatory reaction of surrounding cells. Especially for CAR-T therapy, cell viability could be guaranteed which is the basis for its immune function (Palucka and Banchereau, 2012; Seliktar, 2012; Monette et al., 2016; Zeng et al., 2021). Secondly, the availability of functional groups and the adjustable of the formed network structure of hydrogels allow carrying cargoes with various types and via different magnitude of interaction forces (Qiu et al., 2020). For example, Leach et al. developed an injectable multi-domain peptide-based hydrogel that can carry cyclic dinucleotides and STING (stimulator of interferon genes) agonists through electrostatic interactions (Leach et al., 2018). Additionally, the injectable properties of hydrogels through quick sol-gel phase transition or in situ chemical polymerization render them implantable in the body with minimal surgical wounds and the in situ entrapment of therapeutic molecules or cells by simple syringe injection at target sites (Overstreet et al., 2012; Leach et al., 2019; Vigata et al., 2020). Yu et al. summarized the status and development trend of injectable hydrogel-based cancer immunotherapy and claimed that injectable hydrogels have unprecedented potential to realize the inhibition of tumor growth at the systemic level and prevent the occurrence of side effects through local administration (Chao et al., 2019). Moreover, hydrogels respond immediately to various external stimuli and undergo morphological changes, which realize sustained and controlled release of therapeutics for cancer immunotherapy (Lin and Metters, 2006; Ma et al., 2021). Novel pH-responsive hydrogels with high swelling property at acidic pH were shown to release drug at a relative fast rate by adjusting the ratio of chitosan and alginate polymers with poly (vinyl alcohol) (Andrade et al., 2021). In addition, the advantages of ease of synthesis, and low raw material prices also make hydrogels a very promising delivery agent for multiple immunological therapeutics (Ahmed, 2015).
This review concentrates on the state-of-the-art of hydrogels applied in cancer immunotherapy as efficient, biocompatible, controllable local drug delivery platforms. The following sections discussed the design principles of hydrogels for delivery therapeutics for cancer immunotherapy, which include the choice of polymer feedstock, the strength of the interaction force between the polymer network, the polymer modification etc. In addition, specific applications of hydrogels in cancer immunotherapy that classified by the carrying cargos which includes cytokines, adjuvant, checkpoint inhibitors, antigen, cells and environmental regulatory substance were discussed and summarized. At last, the development trend, main challenges and clinical application potential of hydrogel-based delivery systems for cancer immunotherapy were discussed.
CHARACTERISTICS OF HYDROGELS AS DELIVERY SYSTEMS FOR CANCER IMMUNOTHERAPY
Cancer immunotherapy mainly aims to achieve the following purposes, e.g., enhancing the functions of antigen presenting cells, promoting the production of protective T-cells and overcoming immunosuppression (Zou, 2006; Tang et al., 2021). The corresponding therapeutics commonly used in cancer immunotherapy, such as biologically antigenic proteins or peptides, nucleic acids, natural or synthetic adjuvants, and immune cells require the delivery systems to retain their activities and functions (Zhang et al., 2018; Chao et al., 2019).
Hydrogel is a particularly appealing type of drug delivery system because of its unique characters, providing the delivered immunological therapeutics with a physiological environment that highly mimics the natural conditions (Figure 1; Hori et al., 2008; Hickey et al., 2019). These desirable properties include loadable (Figure 2A), implantable/injectable (Figure 2B), degradable (Figure 2C) and stimulus-responsible (Figure 2D). Hydrogels as drug delivery systems can be divided into two categories according to their component sources: synthetic and natural (Chao et al., 2019). Commonly used synthetic hydrogels are hydroxyethyl methacrylate (pHEMA), poly(vinyl alcohol) (PVA), and poly(ethylene glycol) (PEG). These components often have stimulus response characteristics such as temperature sensitivity, so that the hydrogel can be polymerized or degraded in situ (Rizzo and Kehr, 2021). Natural hydrogels include polysaccharides (such as hyaluronic acid and alginate), proteins (such as gelatine and collagen), and DNA. This type of hydrogel has extremely high biocompatibility. The large number of hydroxyl, carboxyl and amino groups in the composition also makes it capable of loading a variety of drugs (Choudhury et al., 2018; Hauptstein et al., 2020). In this part, we focused on the key characters of hydrogels influencing the delivery of therapeutics for cancer immunotherapy.
[image: Figure 1]FIGURE 1 | Overview scheme of hydrogels applied in cancer immunotherapy. (A) The schematic diagram of the immune response in the body: antigens are processed by immature dendritic cells (ImDCs), then mature dendritic cells (mDCs) presented antigens to T cells. CD8+ T cells further differentiate into cytotoxic T lymphocytes (CTLs) to directly kill tumor cells. (B) hydrogels applied in immunotherapy: the hydrogel carrying various cargos is injected into the tumor site and then undergoes degradation, thereby releasing drugs and recruting immune cells to tumor site.
[image: Figure 2]FIGURE 2 | The design of hydrogel by altering its physicochemical properties as delivery systems for cancer immunotherapy. (A) Loadable: ensure that the immune cargo can stay in the hydrogel when it does not need to be released. (B) Implantable and injectable: ensure that the hydrogel can reach the tumor site in a minimally invasive, non-surgical way and stays at the tumor site for drug release. (C) Degradable: hydrogel degrades for releasing the encapsulated drugs. (D) Stimulus-responsible: to achieve controlled release of the drugs from hydrogel upon external stimuli.
Loadable
First of all, hydrogel has the capability to easily encapsulate hydrophilic drugs due to its high water content. The water content of the hydrogel is related to the type of polymers. Natural polymers such as hyaluronic acid-based hydrogel can achieve 99% water content (Tu et al., 2019; Dorishetty et al., 2020). Secondly, the crosslinked network of hydrogel could prevent the drugs from leaking out and impede penetration of various proteins that may degrade the loaded biological drugs (Pal et al., 2013). This feature means the hydrogel can be loaded with highly labile macromolecular drugs (for example, recombinant proteins and monoclonal antibodies). According to David J. Mooney, the space between polymer molecules in the network (referred to as the mesh size) is tunable from around 5 to around 100 nm (Li and Mooney, 2016). Importantly, the network can retain the drugs in the “mesh” before the state of the hydrogel changes. The mesh size of hydrogels can be adjusted by the molecular weight and concentration of the polymer (Figure 2A). In general, the higher the molecular weight and the concentration, the smaller the mesh size can be achieved to encapsulate the smaller size of drugs. Finally, there are various interactions (Figure 2A) between the drugs and the polymer chains which could be designed via diverse strategies such as covalent conjugation, electrostatic interactions and hydrophobic associations (Li and Mooney, 2016). The interactions between hydrogels and drugs are important to maintain the functions and activities of the loaded cargos when designing hydrogels. For instance, Dror et al. claimed the bioactivities of hydrogels could be achieved through immobilizing growth factors and/or small molecules such as RGD peptide (Arginine-Glycine-Aspartic acid) to the backbone polymer. With facilitainge the interactions with cellular and extracellular biomolecules, the hydrogel can also carry immune cells for therapeutic purposes(Chao et al., 2019; Li et al., 2020).
Implantable
Immunotherapeutics on their own typically require repeated high-dose injections that often result in off target effects with limited efficacy. Implantable scaffolds formed by hydrogel possess powerful synergies with anti-cancer immunotherapies because they allow for discrete localization and controlled release of immunotherapeutic agents, which have been shown various applications to improve outcomes in the treatment of cancers via immunotherapy (Buwalda et al., 2014; Rizzo and Kehr, 2021). Among various strategies, implantable hydrogel can form robust tablet-like scaffolds that are surgically implanted into a tumor resection site, releasing immunoregulatory “cargos” and recruiting immune cells into the porous matrix of the scaffold for further biological programming (Li et al., 2020). In order to prepare hydrogels into implantable scaffold with different mechanical, degradation, and slow-release properties, the cross-linking process needs to be adjusted. Because of the covalent bonds presented between the polymer chains, chemical cross-linking is one of the highly resourceful methods for the formation of hydrogels with excellent mechanical strength (Tie et al., 2020). The hydrogel formed in this method usually degrades slower, so that the release rate of the carried immune drug is relatively slow. Simultaneously, literatures show that hydrogel with a large elastic modulus is beneficial for adhesion and spread of immune cells on its surface, while not being conducive for migration of immune cells into its three-dimensional interior of the hydrogel (Seliktar, 2012; Ahearne, 2014; Simona et al., 2015). Since physical cross-linking is relatively mild and avoids the use of cross-linking agents, it is much more friendly to loaded immunotherapy-related biologically active components such as cytokines and immune cells. The interaction forces formed between physical cross-links include hydrogen bonds, hydrophobic interactions and ionic interactions. These weak interaction forces are extremely easy to be destroyed, which makes the drug delivery system easy to degrade and results in relatively rapid drug release (Buwalda et al., 2014). The most advanced application of implantable hydrogels in immunotherapy is enhance adoptive T cell (ATC) immunotherapy because it is able to support T cell viability and localize the desired immune response (Oh et al., 2016). Stephan et al. synthesized a calcium cross-linked alginate scaffold containing synthetic collagen mimic peptides, which can promote the adhesion and migration of T cells and also increase the expansion and dispersion of T cells to the tumor resection bed (Hori et al., 2008; Rastogi and Kandasubramanian, 2019).
Injectable
Injectable hydrogels formed in situ by chemical polymerization or sol–gel phase transition have been widely concerned in drug delivery and cancer immunotherapy (Chao et al., 2019). Injectable means the materials are flowable before injection but rapidly turn into gels once injected (Figure 2B). Such materials have been widely used because of a few distinct advantages (Rizzo and Kehr, 2021). Firstly, they can be positioned and delivered following the needle, which is a simpler and less traumatic process that avoids unnecessary tissue damage and complications related to inflammation. Secondly, with their viscoelastic properties, injectable materials can move and flow, conforming to any available space before forming into a persisting implant. Koshy et al. reported an injectable gelatin cryogels derived from natural collagen, which were shown to be easily administered without a surgical procedure, promoting infiltration and proliferation of immune cells with controlled release of granulocyte-macrophage colony-stimulating factor (GM-CSF) (Duong et al., 2020). Thirdly, it is easy to encapsulate cells or drugs.
At present, rapid construction of injectable and biocompatible hydrogels with proper mechanical properties remains a challenge. Many methods including thermal gelation, ionic interaction, physical self-assembly and photopolymerization have been employed for preparation of injectable hydrogels in situ (Lei and Tang, 2019; Duong et al., 2020). The “click” reaction, with easy preparation and rapid reaction rate, has emerged as one of the most versatile and innovative technologies (Lei and Tang, 2019). Due to the fast reaction rate and mild reaction conditions, click chemistry is often used to fabricate bio-orthogonal hydrogels, which are highly suitable as carriers for delivering immunotherapy related drugs. In a study by Xu et al., two types of biodegradable and injectable hydrogels using thiol–Michael addition reaction were found to be capable of carrying cells and allowing them function when reaching the designated site (Liu et al., 2020). In addition, Brudno et al. confirmed that utilizing biorthogonal click chemistry to link the functionalized hydrogel with modified anti-cancer pro-drug agents in situ (Ma et al., 2021). In clinical immunotherapy, injectable and implantable can exist simultaneously once the hydrogel is delivered to the tumor site through the needle, the hydrogel can spontaneously form a high-strength scaffold. Kim et al. have developed an injectable cancer vaccine scaffold based on mesoporous silica rods. The system is an ingenious compromise between implantable stents and injectable biomaterials. When injected subcutaneously, it self-assembles into a unique pocket-like reservoir in situ, allowing extended load factor release (Chao et al., 2019).
Degradable
When used as drug delivery system in cancer immunotherapy, hydrogels mainly release drugs at tumor sites in two ways: hydrogel degradation and hydrogel swelling (Oliva et al., 2017). As the network degrades, the mesh size increases, allowing drugs to diffuse out of the hydrogel (Figure 2C). Hydrogels undergo local or bulk dissolution via a number of mechanisms (such as hydrolysis, proteolysis, disentanglement, or environmental triggers), whilst degradation can occur in the polymer backbone or at the crosslinks, and is typically mediated by hydrolysis or enzyme activity (Tan and Marra, 2010; Vojtova et al., 2019). The hydrogel can be passively degraded or can be actively degraded in response to a certain stimulus, achieving the controlled release of immune “cargos”, which will be discussed in more detail in the next section. Furthermore, the degradation process should also not be too short nor too long because the short degradation of hydrogels will cause the explosive release of the drugs and long degradation which will inactivate the immune drugs or cause inflammation in the body. On the other hand, the biodegradation of hydrogels is essential for biomedical applications where controlled in vivo absorption and/or local lysis is required to facilitate cell movement and morphogenesis. For biodegradability, the most common method is to introduce labile bonds in hydrogels either in the cross-links, or the network backbones. Unstable linkages may be cleaved in physiological conditions, either chemically or enzymatically, typically by hydrolysis. Hu et al. reported that a hyaluronic acid hydrogel carries PD-L1antibody (aPD-L1) which is grafted onto the platelet. When the hydrogel is injected into the tumor site, inflammation will initiate platelet activation and release aPD-L1, which achieves a controlled release (Hu et al., 2021).
Stimulus-Responsible
Those hydrogels with stimulus-responsive properties can be used as a drug delivery system in cancer immunotherapy, in which drug release is triggered upon external stimulis (Bajpai et al., 2008; Andrade et al., 2021) such as pH, temperature, and biomolecule concentration (Figure 2D). The cross-linking process of the hydrogel can respond to external stimuli. One of the most representative example is the novel thermogelling poly(lactic-co-glycolic acid)–poly(ethylene glycol)–poly(lactic-co-glycolic acid) (PLGA−PEG−PLGA) triblock copolymer, which exhibits a sol−gel transition with increasing temperature (Li et al., 2021). Jiang et al. incorporated multifunctional dendritic nanoparticles into a injectable thermosensitive hydrogel matrix (PLGA-PEG-PLGA triblock copolymers) to construct a localized drug delivery system for combining chemotherapy and immunotherapy (Vojtova et al., 2019). It is noteworthy that the dendritic nanoparticles-in-hydrogel delivery system gels at physiological temperature, thus allowing for sustained release of drugs. Ultimately, this system showed remarkable efficacy in treating triple negative breast cancer in mice model with 86% tumor growth inhibition. Additionally, the degradation process of hydrogel can respond to external stimuli. In response to pathological cues, hydrogel undergoes degradation upon external stimuli, followed by the release of the drugs which was precisely controlled by the pathological need. Gajanayake et al. developed a hydrogel that can release the immunosuppressant tacrolimus responsively to deal with proteolytic enzymes overexpressed in inflammation. Within 14 days, drugs in the hydrogel can be completely released, while the drug release rate in phosphate buffered saline for 28 days is less than 10%. Immunosuppressive drug tacrolimus was encapsulated in hydrogelS responsive to proteolytic enzymes which are overexpressed in inflammation. Within 14 days, complete drug release was achieved without burst release, whilst the drug release in phosphate-buffered saline was below 10% over 28 days (Oliva et al., 2017). The swelling behaviour of hydrogels can be affected by various external physicochemical conditions, which have been widely exploited in controlled drug delivery. pH responsive swelling is particularly important for cancer delivery systems because it allows targeted drug release in solid tumors where tumour microenvironments are typically more acidic than normal tissues (Andrade et al., 2021). Other stimuli responsive swelling mechanisms have also been exploited for controlled drug delivery. For example, a temperature responsive nanogel was fibricated to deliver the chemotherapy drug cisplatin to breast cancer that the temperature was believed to be slightly higher than the normal ones (Li et al., 2021) In some other cases, the drug carried by the hydrogel responds to stimuli. Natalie et al. incorporated gold nanoparticles decorated with 5-fluorouracil (5-FU)-hairpin DNA into dendrimer-dextran hydrogels to silence multidrug resistance protein-1 (MRP1). When the hairpin is opened by hybridizing with a complementary target (MRP1 mRNA), this interaction becomes weaker, allowing simultaneous release of the drug and knockout of the gene encoding the protein responsible for drug resistance (Ding et al., 2019). These smart properties of hydrogels mentioned above make hydrogel attractive and praisable as drug delivery systems for cancer immunotherapy.
APPLICATIONS OF HYDROGELS AS DELIVERY SYSTEMS FOR CANCER IMMUNOTHERAPY
Delivery of Immunomodulatory Molecules
A wide variety of immunotherapeutic agents, from small molecule drugs to macromolecular drugs and even cells, can be incorporated into the hydrogel for enhanced cancer immunotherapy. In this section, we discussed the application of hydrogel as delivery system for immunomodulatory molecules such as cytokine, adjuvant, checkpoint inhibitor and antigen (Figure 3).
[image: Figure 3]FIGURE 3 | Hydrogels applied in the delivery of immunomodulatory molecules which include cytokine, adjuvant, checkpoint inhibitor and antigen. These immunomodulatory molecules can be loaded to the biocompatible hydrogel in a simple and gentle way to ensure the biological activity of these immunomodulatory factors, enabling them to exert their immune effects.
Cytokine
In cancer immunotherapy, cytokines can be used to either activate or suppress the immune response against tumors (Chao et al., 2019). For example, Interleukin-12 (IL-12), a heterodimeric cytokine composed of two polypeptides with disulfide linkage, enhances the immune response of Th1, the maturation of cytotoxic T lymphocytes, the stimulation of natural killer cells, and the production of interferon-γ (IFN-γ). To overcome the main impediment of cytokines’ short half-life in vivo, Shimizu et al. encapsulated IL-12 in a cholesterol-bearing pullulan (CHP) nanogel. After the mice were subcutaneously injected with murine IL-12-loaded CHP nanogel (CHP/rmIL-12), the concentration of serum rmIL-12 stays relatively high for 12–24 h (Shimizu et al., 2008). GM-CSF, also known as colony stimulating factor 2 (CSF2), is a monomeric glycoprotein that secretes by macrophages, T cells, mast cells, natural killer cells, endothelial cells, and fibroblasts. Doo Sung Lee et al. have designed an injectable smart hydrogels composed of levodopa and poly(ε-caprolactone-co-lactide)ester-functionalized hyaluronic acid (HA-PCLA) that loaded with OVA expressing plasmid (pOVA) and GM-CSF to boost the maturation of dendritic cells (DCs). By the controlled release of pOVA and GM-CSF through a single subcutaneous injection, the hydrogel system effectively eliminated the B16/OVA melanoma tumors (Leach et al., 2018).
Adjuvant
Chemotherapy and radiotherapy can induce immunogenic cell death (ICD), such antitumor immune response would be further amplified if there are concurrent immune adjuvants inside the tumor. Adjuvants are nonspecific immunostimulants, which enhance the body’s immune response when combined with antigens. For example, Hou et al. used genetically engineered polypeptide hydrogel PC10ARGD as a sustained-release system that delivered Bestatin which is an immune adjuvant for mammary carcinoma treatment. The hydrogel serves as a drug delivery depot for sustained drug release of Bestatin, which further inhibits tumour metastases and microvessel formation but amplified T lymphocytes function (Hou et al., 2020). Liu et al. developed a smart hydrogel based on alginate, which hybridized with immunoadjuvant CpG oligonucleotide and conjugated with an adenosine triphosphate (ATP)-specific aptamer. Once intratumoral injection, this hydrogel gelled in situ and released the CpG oligonucleotide, achieving remarkable synergistic tumor elimination as well as generating long-lasting immune memory to prevent recurrences (Wu et al., 2021).
Checkpoint Inhibitor
Immunological checkpoints are a class of immunosuppressive molecules that can regulate the intensity and duration of immune responses, thereby avoiding damage of normal tissues. During the occurrence and development of tumors, immune checkpoints become one of the main regulators for immune tolerance (Yu et al., 2018). Immune checkpoint blockade therapy is an approach that regulates the activity of T cells through a series of channels such as cosuppression or costimulation signals to kill tumor cells. The most commonly used therapeutic drugs are programmed death receptors 1/programmed death receptor-ligand 1 (PD-1/PD-L1) and cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) inhibitors. Activated T cells express PD-1 to recognize and remove abnormal or cancerous cells. However, tumor cells inactivate the T cells that recognize tumor antigens by expressing PD-1 ligands that bind to PD-1, thereby evading immune system attacks. Therefore, tumor cell death can be induced by blocking inhibitors of PD-1 or its ligand. CTLA-4 is another immune checkpoint that reduces T-cell activation and promotes tumor progression by binding to its ligands. Inhibitors against CTLA-4 and its ligands block their interactions to increase T-cell activity and thereby clear tumors (Kazemi et al., 2021; Tang et al., 2021). Immune checkpoint inhibitors can cause side effects to many normal organs. Therefore, a large number of studies have used hydrogel as delivery system to locally release immune checkpoint inhibitors at the tumor site to solve the above problems. Chen et al. developed an anti-inflammatory nanofiber hydrogel self-assembled by steroid drugs for local delivery of (αPD-L1). Effective therapeutic effects were observed with inhibition both local tumors and abscopal tumors once injected with αPDL1-loaded hydrogel.
Antigen
Low immunogenicity and tumor heterogeneity greatly limit the therapeutic effect of tumor vaccines. In view of this, Zhu et al. prepared a new type of injectable adhesive hydrogel based on thermosensitive nanogels containing catechol groups and loaded with MnO2 nanoparticles. After intratumoral injection, the concentrated nanogel dispersion transformed into an adhesive hydrogel in situ. The photothermal effect of the loaded MnO2 nanoparticles induces immunogenic cell death and releases a large amount of autologous tumor-derived protein antigens under near-infrared radiation. These antigens captured by the hydrogel are ideal immunostimulatory substances to avoid the consequences of tumor heterogeneity. They also recruit more dendritic cells to stimulate a strong and durable anti-tumor immune response mediated by CD8+ T cells (Song et al., 2018). Wang et al. used polypeptide hydrogel loaded with tumor cell lysates (TCL) as antigens, Toll-like receptors 3 (TLR3) agonist, polyinosinic:polycytidylic acid [poly(I:C)] to construct the vaccines, which robustly recruit, activate and mature DCs in vitro and in vivo by sustained release of TCL and poly (I:C). The antigen persistence at the injection site and antigen drainage to lymph nodes were significantly improved by hydrogel (Song et al., 2018).
Delivery of Immune Cells
Localized delivery using hydrogels in immunotherapy provides adjustable microenvironments for immune cells as it enables the recruitment, expansion, and activation of immune cells in vitro and in vivo (Figure 4; Weiden et al., 2018; Yang et al., 2018) It is reported that a thermosensitive chitosan hydrogel for the delivery of tumor-infiltrating lymphocytes and activated CD8+ T cells. To provide a suitable physical condition for the proliferation of immune cells, the gelation process and mechanical strength of the hydrogel could be precisely tuned by varying the concentration of sodium bicarbonate. The in vitro T-cell expansion experiment revealed that hydrogel platform with a larger pore size and higher stiffness promoted the viability and proliferation of the encapsulated T cells (Hickey et al., 2019). DCs can either be activated in hydrogels in vitro before implantation, or by immobilizing stimuli within the gels in vivo (Yang et al., 2018). Verbeke et al. designed an injectable alginate hydrogel system that allows DCs to be enriched locally in vivo without activation or maturation. Similarly, alginate hydrogels was designed to carry and releas antigen-loaded DCs when injected subcutaneously in mice (Hori et al., 2008). Besides DCs, macrophages also playws a major role as antigen-presenting cells in tumor vaccination. Muraoka et al. developed a cholesteryl pullulan-based hydrogel to deliver peptide-based antigens to macrophages (Chao et al., 2019). The antigens were successfully delivered to CD8+ cytotoxic T cells by this immunologically inert hydrogel.
[image: Figure 4]FIGURE 4 | Hydrogels applied in the delivery of immune cells. Antigen-loaded activated dendritic cells or pre-stimulated tumour-specific T cells are loaded to hydrogel scaffolds ex vivo. Stimulatory agents were encapsulated to support cell survival, activation and expansion. After administration of the matrix close to the tumour site, potent immune cells proliferate within the scaffold and are released continuously into the tissue environment. Reproduced with permission Weiden et al. (2018). Copyright 2018 Nature.
Passive immunotherapy uses components of immune system to target specific cancers without necessarily involving an immune response. Since the first clinical trial 28 years ago, tumor-infiltrating lymphocytes (TILs) have been widely applied for the treatment of metastatic melanoma. Meanwhile remarkable research efforts have been focusd on adopative cell therapy (ACT), which heavily relies on the administration of allogeneic T cells (Monette et al., 2016). Furthermore, genetically modified tumor-specific T cells have been developed to overcome the limitation of TIL expansion and the augment ACT-mediated immunotherapy. Compared with systemic delivery, which is likely to result in T cells infiltrating to noncancerous tissues, localized administration using hydrogels into tumor sites improves delivery efficiency and sustained release of T cells. The feasibility of a thermosensitive, amine-reactive oligo(ethylene glycol) methacrylate-based hydrogel was investigated as a T cell carrier. Additionally, an injectable thermogel based on chitosan was developed with the purpose of encapsulating, expanding, and delivering cytotoxic T cells (Jiang et al., 2018).
Delivery of Environmental Regulatory Substances
Practically, in addition to carrying the above-mentioned cytokines, immune adjuvants, checkpoint inhibitors, and immune cells that directly stimulate immunity, the hydrogel can also carry environmental regulation substances to regulate the tumor microenvironment. For example, acidic extracellular pH promotes immune evasion and tumor progression. Therefore, antagonizing tumor acidity can be a powerful approach in cancer immunotherapy. Hyung-seung et al. used Pluronic F-127 as a NaHCO3 releasing carrier to focally alleviate extracellular tumor acidity (Figure 5A). In a mouse tumor model, intratumoral treatment with pH modulating injectable gel (pHe-MIG) generates immune-favorable TME, as evidenced by the decrease of immune-suppressive cells and increase of tumor infiltrating CD8+ T cells (Jin et al., 2019). It has also been suggested that implantable hydrogel can be engineered to investigate specific aspects of the tumor microenvironment, either singularly or in combination. It is known that lactate, a metabolite byproduct of anaerobic glycolysis, is known to reprogram immune cells, resulting in increased tumor survival. Riley et al. (Figure 5B) designed and synthesized a peptide hydrogel loaded with GM-CSF and poly-(lactic-co-glycolic acid)/(lactic acid) microparticles which can generate the localized lactate concentrations (∼2–22 mM) and cellular makeup of the tumor microenvironment, following subcutaneous implantation in mice and causing significant immunological effects (Allen et al., 2020). Jiang et al. incorporated multifunctional dendritic nanoparticles into a injectable hydrogel matrix which is composed with thermosensitive triblock copolymers to construct a localized drug delivery system for combining gas-therapy and immunotherapy (Figure 5C). The dendritic scaffolds were used to deliver arginine-rich molecules (L-Arg) to M1 macrophages, which produce the cytotoxic substance nitric oxide (NO), and subsequently induce tumor cell destruction (Jiang et al., 2018).
[image: Figure 5]FIGURE 5 | Hydrogels applied in the delivery of environmental regulatory substance. (A) Pluronic F-127 was used as a NaHCO3 releasing carrier to focally alleviate extracellular tumor acidity. Reproduced with permission Jin et al. (2019). Copyright 2019 Elsevier Ltd. (B) A lactic acid-producing hydrogel system was design to change the concentration of lactic acid at the tumor site to interrogate immune cell modulation in cancer-like environments. Reproduced with permission Allen et al. (2020). Copyright. 2020. The Royal Society of Chemistry. (C) A dendritic scaffolds were designed to enrich arginine molecules and provide the inducible nitric oxide synthase (iNOS) substrate, L-Arg, to M1 macrophages, which can produce the cytotoxic substance nitric oxide (NO) and subsequently induce tumor cell destruction through immunotherapy. Reproduced with permission Jiang et al. (2018). Copyright 2018 springer.
CONCLUSION AND PERSPECTIVES
Immunotherapy is a type of approach that utilizes the body’s own immune system to combat cancer, demonstrating to be effective or completely alleviating some solid or hematological malignant tumors. Hydrogels exhibited excellent promise for cancer immunotherapy since they are loadable, implantable, injectable, biodegradable and stimuli-responsive (Bu et al., 2019). These properties guarantee hydrogels higher immunological drug loading efficiency and drug stability, more controllable drug release profiles, and easier to combine immunotherapy with other treatment methods (Yang et al., 2020). In this review, we focus on how the characteristics of hydrogels have been applied to deliver cytokines, adjuvants, checkpoint inhibitors, antigens, cells, and environmental regulatory substance in cancer immunotheraoy. These reported hydrogel systems are able to prolong the residence time of immunotherapy factors at tumor sites, as well as protect bioactive molecules from denaturation or degradation, thus improving the efficacy of immunotherapy.
In spite of the successful exploration of hydrogel drug delivery systems for cancer immunotherapy, several challenges still need to be considered for the future development and potential applications. Firstly, the controlled release of drug from hydrogels still remains as an issue since immunological drug are released by diffusion and hydrogel degradation, both of which are uncontrollable processes. Those hydrogels are responsive to stimulation can release immunological drugs, but the research in this area is only limited to in vitro experiments or rely heavily on the intrinsic tumor microenvironment. Once the hydrogel implanted into the body, it will be important to find out if same type of response properties exists in vivo. Secondly, although hydrogel materials have demonstrated good biocompatibility and biodegradability, higher biocompatibility is needed when used to deliver immunological drugs. In clinical application, the safety of the delivery agents is extremely crucial, particularly in cancer immunotherapy, those bioactive molecules or cells discussed above require an environment that is similar to physiological conditions more than other drugs. Thirdly, there are some issues that need to be considered in clinical aspects: 1) multiple imaging-guided injection techniques should be developed for deep-sited tumors administration; 2) The dose of immune drugs is also a vital parameter. For in vitro experiments, a drug dose is usually chosen based on the effectiveness of the drug. In clinical practice, however, a strict dose screening should be performed according to the drug release curve of the hydrogel. High concentration of anticancer agents can also cause severe acute injury to the healthy parenchyma due to the burst release. If the drug release from the hydrogel does not proceed at a uniform rate, it can also lead to increase the risk of drug resistance; 3) It will be feasible to construct the final system on the basis of approved clinical materials as it is also more likely to get clinical approval.
In summary, the delivery systems based on hydrogels have exhibited excellent promises for cancer immunotherapy as the unique characteristics of hydrogels ensure locally and sustainably delivering immunotherapeutic agents to target tumor sites with reduced drug dose and side effects. However, challenges still exist, which requires experts from multidisciplinary fields work more closely. We believe this smart delivery system will continue contributing in tomour threatment via immunotherapy as well as other aspects for improving human health.
AUTHOR CONTRIBUTIONS
Conception of the work: RC, SQ and DL; Drafting the article: RC and DL; Critical revision of the article: RC, QW, JW, XZ, RO, YX, SQ and DL.
FUNDING
This work is supported by the following programs: National Natural Science Foundation of China (Grant Nos. 52035012, 81771531, 81871129, 82072862, 82072863, 61805158), the Basic Research Foundation Key Project of Sichuan Province (2021JY0046) and Research Start-up Grant of SAHSYSU (ZSQYBRJH0019).
REFERENCES
 Ahearne, M. (2014). Introduction to Cell-Hydrogel Mechanosensing. Interf. Focus. 4 (2), 20130038. doi:10.1098/rsfs.2013.0038 
 Ahmed, E. M. (2015). Hydrogel: Preparation, Characterization, and Applications: A Review. J. Adv. Res. 6 (2), 105–121. doi:10.1016/j.jare.2013.07.006 
 Akhtar, M. F., Hanif, M., and Ranjha, N. M. (2016). Methods of Synthesis of Hydrogels … A Review. Saudi Pharm. J. 24 (5), 554–559. doi:10.1016/j.jsps.2015.03.022 
 Allen, R., Ivtchenko, E., Thuamsang, B., Sangsuwan, R., and Lewis, J. S. (2020). Polymer-loaded Hydrogels Serve as Depots for Lactate and Mimic "cold" Tumor Microenvironments. Biomater. Sci. 8 (21), 6056–6068. doi:10.1039/d0bm01196g 
 Andrade, F., Roca-Melendres, M. M., Durán-Lara, E. F., Rafael, D., and Schwartz, S. (2021). Stimuli-Responsive Hydrogels for Cancer Treatment: The Role of pH, Light, Ionic Strength and Magnetic Field. Cancers 13 (5), 1164. doi:10.3390/cancers13051164 
 Bajpai, A. K., Shukla, S. K., Bhanu, S., and Kankane, S. (2008). Responsive Polymers in Controlled Drug Delivery. Prog. Polym. Sci. 33 (11), 1088–1118. doi:10.1016/j.progpolymsci.2008.07.005
 Bu, L.-L., Yan, J., Wang, Z., Ruan, H., Chen, Q., Gunadhi, V., et al. (2019). Advances in Drug Delivery for post-surgical Cancer Treatment. Biomaterials 219, 119182. doi:10.1016/j.biomaterials.2019.04.027 
 Buwalda, S. J., Boere, K. W. M., Dijkstra, P. J., Feijen, J., Vermonden, T., and Hennink, W. E. (2014). Hydrogels in a Historical Perspective: from Simple Networks to Smart Materials. J. Controlled Release 190, 254–273. doi:10.1016/j.jconrel.2014.03.052 
 Chao, Y., Chen, Q., and Liu, Z. (2019). Smart Injectable Hydrogels for Cancer Immunotherapy. Adv. Funct. Mater. 30 (2), 1902785. doi:10.1002/adfm.201902785
 Choudhury, D., Tun, H. W., Wang, T., and Naing, M. W. (2018). Organ-Derived Decellularized Extracellular Matrix: A Game Changer for Bioink Manufacturing?. Trends Biotechnol. 36 (8), 787–805. doi:10.1016/j.tibtech.2018.03.003 
 Ding, F., Huang, X., Gao, X., Xie, M., Pan, G., Li, Q., et al. (2019). A Non-cationic Nucleic Acid Nanogel for the Delivery of the CRISPR/Cas9 Gene Editing Tool. Nanoscale 11 (37), 17211–17215. doi:10.1039/c9nr05233j 
 Dorishetty, P., Dutta, N. K., and Choudhury, N. R. (2020). Bioprintable Tough Hydrogels for Tissue Engineering Applications. Adv. Colloid Interf. Sci. 281, 102163. doi:10.1016/j.cis.2020.102163 
 Duong, H. T. T., Thambi, T., Yin, Y., Kim, S. H., Nguyen, T. L., Phan, V. H. G., et al. (2020). Degradation-regulated Architecture of Injectable Smart Hydrogels Enhances Humoral Immune Response and Potentiates Antitumor Activity in Human Lung Carcinoma. Biomaterials 230, 119599. doi:10.1016/j.biomaterials.2019.119599 
 Hauptstein, J., Böck, T., Bartolf‐Kopp, M., Forster, L., Stahlhut, P., Nadernezhad, A., et al. (2020). Hyaluronic Acid‐Based Bioink Composition Enabling 3D Bioprinting and Improving Quality of Deposited Cartilaginous Extracellular Matrix. Adv. Healthc. Mater. 9 (15), 2000737. doi:10.1002/adhm.202000737 
 Hickey, J. W., Dong, Y., Chung, J. W., Salathe, S. F., Pruitt, H. C., Li, X., et al. (2019). Engineering an Artificial T‐Cell Stimulating Matrix for Immunotherapy. Adv. Mater. 31 (23), 1807359. doi:10.1002/adma.201807359 
 Hoffman, A. S. (2012). Hydrogels for Biomedical Applications. Adv. Drug Deliv. Rev. 64, 18–23. doi:10.1016/j.addr.2012.09.010
 Hori, Y., Winans, A. M., Huang, C. C., Horrigan, E. M., and Irvine, D. J. (2008). Injectable Dendritic Cell-Carrying Alginate Gels for Immunization and Immunotherapy. Biomaterials 29 (27), 3671–3682. doi:10.1016/j.biomaterials.2008.05.033 
 Hou, X.-l., Dai, X., Yang, J., Zhang, B., Zhao, D.-h., Li, C.-q., et al. (2020). Injectable Polypeptide-Engineered Hydrogel Depot for Amplifying the Anti-tumor Immune Effect Induced by Chemo-Photothermal Therapy. J. Mater. Chem. B 8 (37), 8623–8633. doi:10.1039/d0tb01370f 
 Hu, Q., Li, H., Archibong, E., Chen, Q., Ruan, H., Ahn, S., et al. (2021). Inhibition of post-surgery Tumour Recurrence via a Hydrogel Releasing CAR-T Cells and Anti-PDL1-conjugated Platelets. Nat. Biomed. Eng. doi:10.1038/s41551-021-00712-1
 Jiang, L., Ding, Y., Xue, X., Zhou, S., Li, C., Zhang, X., et al. (2018). Entrapping Multifunctional Dendritic Nanoparticles into a Hydrogel for Local Therapeutic Delivery and Synergetic Immunochemotherapy. Nano Res. 11 (11), 6062–6073. doi:10.1007/s12274-018-2123-8
 Jin, H.-s., Choi, D.-s., Ko, M., Kim, D., Lee, D.-h., Lee, S., et al. (2019). Extracellular pH Modulating Injectable Gel for Enhancing Immune Checkpoint Inhibitor Therapy. J. Controlled Release 315, 65–75. doi:10.1016/j.jconrel.2019.10.041 
 Kazemi, M. H., Najafi, A., Karami, J., Ghazizadeh, F., Yousefi, H., Falak, R., et al. (2021). Immune and Metabolic Checkpoints Blockade: Dual Wielding against Tumors. Int. Immunopharmacology 94, 107461. doi:10.1016/j.intimp.2021.107461
 Leach, D. G., Dharmaraj, N., Piotrowski, S. L., Lopez-Silva, T. L., Lei, Y. L., Sikora, A. G., et al. (2018). STINGel: Controlled Release of a Cyclic Dinucleotide for Enhanced Cancer Immunotherapy. Biomaterials 163, 67–75. doi:10.1016/j.biomaterials.2018.01.035 
 Leach, D. G., Young, S., and Hartgerink, J. D. (2019). Advances in Immunotherapy Delivery from Implantable and Injectable Biomaterials. Acta Biomater. 88, 15–31. doi:10.1016/j.actbio.2019.02.016 
 Lei, K., and Tang, L. (2019). Surgery-free Injectable Macroscale Biomaterials for Local Cancer Immunotherapy. Biomater. Sci. 7 (3), 733–749. doi:10.1039/c8bm01470a 
 Li, J., Luo, Y., Li, B., Xia, Y., Wang, H., and Fu, C. (2020). Implantable and Injectable Biomaterial Scaffolds for Cancer Immunotherapy. Front. Bioeng. Biotechnol. 8, 612950. doi:10.3389/fbioe.2020.612950 
 Li, J., and Mooney, D. J. (2016). Designing Hydrogels for Controlled Drug Delivery. Nat. Rev. Mater. 1 (12). doi:10.1038/natrevmats.2016.71 
 Li, L., He, Y., Zheng, X., Yi, L., Nian, W., and Abadi, P. P. (2021). Progress on Preparation of pH/Temperature-Sensitive Intelligent Hydrogels and Applications in Target Transport and Controlled Release of Drugs. Int. J. Polym. Sci. 2021, 1–14. doi:10.1155/2021/1340538
 Lin, C.-C., and Metters, A. T. (2006). Hydrogels in Controlled Release Formulations: Network Design and Mathematical Modeling. Adv. Drug Deliv. Rev. 58 (12-13), 1379–1408. doi:10.1016/j.addr.2006.09.004 
 Liu, Y., Liu, M., Zhang, Y., Cao, Y., and Pei, R. (2020). Fabrication of Injectable Hydrogels via Bio-Orthogonal Chemistry for Tissue Engineering. New J. Chem. 44 (27), 11420–11432. doi:10.1039/d0nj02629h
 Ma, H., He, C., and Chen, X. (2021). Injectable Hydrogels as Local Depots at Tumor Sites for Antitumor Immunotherapy and Immune‐Based Combination Therapy. Macromol. Biosci. 21, 2100039. doi:10.1002/mabi.202100039
 Monette, A., Ceccaldi, C., Assaad, E., Lerouge, S., and Lapointe, R. (2016). Chitosan Thermogels for Local Expansion and Delivery of Tumor-specific T Lymphocytes towards Enhanced Cancer Immunotherapies. Biomaterials 75, 237–249. doi:10.1016/j.biomaterials.2015.10.021 
 Muñoz, N. M., Williams, M., Dixon, K., Dupuis, C., McWatters, A., Avritscher, R., et al. (2021). Influence of Injection Technique, Drug Formulation and Tumor Microenvironment on Intratumoral Immunotherapy Delivery and Efficacy. J. Immunother. Cancer 9 (2), e001800. doi:10.1136/jitc-2020-001800 
 Oh, S. H., An, D. B., Kim, T. H., and Lee, J. H. (2016). Wide-range Stiffness Gradient PVA/HA Hydrogel to Investigate Stem Cell Differentiation Behavior. Acta Biomater. 35, 23–31. doi:10.1016/j.actbio.2016.02.016 
 Oliva, N., Conde, J., Wang, K., and Artzi, N. (2017). Designing Hydrogels for On-Demand Therapy. Acc. Chem. Res. 50 (4), 669–679. doi:10.1021/acs.accounts.6b00536 
 Overstreet, D. J., Dutta, D., Stabenfeldt, S. E., and Vernon, B. L. (2012). Injectable Hydrogels. J. Polym. Sci. B Polym. Phys. 50 (13), 881–903. doi:10.1002/polb.23081
 Pal, K., Singh, V. K., Anis, A., Thakur, G., and Bhattacharya, M. K. (2013). Hydrogel-Based Controlled Release Formulations: Designing Considerations, Characterization Techniques and Applications. Polymer-Plastics Technology Eng. 52 (14), 1391–1422. doi:10.1080/03602559.2013.823996
 Palucka, K., and Banchereau, J. (2012). Cancer Immunotherapy via Dendritic Cells. Nat. Rev. Cancer 12 (4), 265–277. doi:10.1038/nrc3258 
 Qiu, H., Guo, H., Li, D., Hou, Y., Kuang, T., and Ding, J. (2020). Intravesical Hydrogels as Drug Reservoirs. Trends Biotechnol. 38 (6), 579–583. doi:10.1016/j.tibtech.2019.12.012 
 Rastogi, P., and Kandasubramanian, B. (2019). Review of Alginate-Based Hydrogel Bioprinting for Application in Tissue Engineering. Biofabrication 11 (4), 042001. doi:10.1088/1758-5090/ab331e 
 Rizzo, F., and Kehr, N. S. (2021). Recent Advances in Injectable Hydrogels for Controlled and Local Drug Delivery. Adv. Healthc. Mater. 10 (1), 2001341. doi:10.1002/adhm.202001341 
 Salah, M., Tayebi, L., Moharamzadeh, K., and Naini, F. B. (2020). Three-dimensional Bio-Printing and Bone Tissue Engineering: Technical Innovations and Potential Applications in Maxillofacial Reconstructive Surgery. Maxillofac. Plast. Reconstr. Surg. 42 (1), 18. doi:10.1186/s40902-020-00263-6 
 Seliktar, D. (2012). Designing Cell-Compatible Hydrogels for Biomedical Applications. Science 336 (6085), 1124–1128. doi:10.1126/science.1214804 
 Shimizu, T., Kishida, T., Hasegawa, U., Ueda, Y., Imanishi, J., Yamagishi, H., et al. (2008). Nanogel DDS Enables Sustained Release of IL-12 For Tumor Immunotherapy. Biochem. Bioph. Res. Co. 367, 330–335. doi:10.1016/j.bbrc.2007.12.112
 Simona, B. R., Hirt, L., Demkó, L., Zambelli, T., Vörös, J., Ehrbar, M., et al. (2015). Density Gradients at Hydrogel Interfaces for Enhanced Cell Penetration. Biomater. Sci. 3 (4), 586–591. doi:10.1039/c4bm00416g 
 Song, H., Huang, P., Niu, J., Shi, G., Zhang, C., Kong, D., et al. (2018). Injectable Polypeptide Hydrogel for Dual-Delivery of Antigen and TLR3 Agonist to Modulate Dendritic Cells In Vivo and Enhance Potent Cytotoxic T-Lymphocyte Response against Melanoma. Biomaterials 159, 119–129. doi:10.1016/j.biomaterials.2018.01.004 
 Tan, H., and Marra, K. G. (2010). Injectable, Biodegradable Hydrogels for Tissue Engineering Applications. Materials 3 (3), 1746–1767. doi:10.3390/ma3031746
 Tang, T., Huang, X., Zhang, G., Hong, Z., Bai, X., and Liang, T. (2021). Advantages of Targeting the Tumor Immune Microenvironment over Blocking Immune Checkpoint in Cancer Immunotherapy. Sig Transduct Target. Ther. 6 (1), 72. doi:10.1038/s41392-020-00449-4
 Tie, S., Zhang, X., Wang, H., Song, Y., and Tan, M. (2020). Procyanidins-Loaded Complex Coacervates for Improved Stability by Self-Crosslinking and Calcium Ions Chelation. J. Agric. Food Chem. 68 (10), 3163–3170. doi:10.1021/acs.jafc.0c00242 
 Tu, Y., Chen, N., Li, C., Liu, H., Zhu, R., Chen, S., et al. (2019). Advances in Injectable Self-Healing Biomedical Hydrogels. Acta Biomater. 90, 1–20. doi:10.1016/j.actbio.2019.03.057 
 Vigata, M., Meinert, C., Hutmacher, D. W., and Bock, N. (2020). Hydrogels as Drug Delivery Systems: A Review of Current Characterization and Evaluation Techniques. Pharmaceutics 12 (12), 1188. doi:10.3390/pharmaceutics12121188 
 Vojtova, L., Michlovska, L., Valova, K., Zboncak, M., Trunec, M., Castkova, K., et al. (2019). The Effect of the Thermosensitive Biodegradable PLGA-PEG-PLGA Copolymer on the Rheological, Structural and Mechanical Properties of Thixotropic Self-Hardening Tricalcium Phosphate Cement. Ijms 20 (2), 391. doi:10.3390/ijms20020391 
 Weiden, J., Tel, J., and Figdor, C. G. (2018). Synthetic Immune Niches for Cancer Immunotherapy. Nat. Rev. Immunol. 18 (3), 212–219. doi:10.1038/nri.2017.89 
 Wu, Y., Li, Q., Shim, G., and Oh, Y.-K. (2021). Melanin-loaded CpG DNA Hydrogel for Modulation of Tumor Immune Microenvironment. J. Controlled Release 330, 540–553. doi:10.1016/j.jconrel.2020.12.040
 Xie, Z., Shen, J., Sun, H., Li, J., and Wang, X. (2021). Polymer-based Hydrogels with Local Drug Release for Cancer Immunotherapy. Biomed. Pharmacother. 137, 111333. doi:10.1016/j.biopha.2021.111333 
 Yang, F., Shi, K., Jia, Y.-p., Hao, Y., Peng, J.-r., and Qian, Z.-y. (2020). Advanced Biomaterials for Cancer Immunotherapy. Acta Pharmacol. Sin 41 (7), 911–927. doi:10.1038/s41401-020-0372-z 
 Yang, P., Song, H., Qin, Y., Huang, P., Zhang, C., Kong, D., et al. (2018). Engineering Dendritic-Cell-Based Vaccines and PD-1 Blockade in Self-Assembled Peptide Nanofibrous Hydrogel to Amplify Antitumor T-Cell Immunity. Nano Lett. 18 (7), 4377–4385. doi:10.1021/acs.nanolett.8b01406 
 Yu, S., Wang, C., Yu, J., Wang, J., Lu, Y., Zhang, Y., et al. (2018). Injectable Bioresponsive Gel Depot for Enhanced Immune Checkpoint Blockade. Adv. Mater. 30 (28), 1801527. doi:10.1002/adma.201801527 
 Zeng, Y., Xiang, Y., Sheng, R., Tomás, H., Rodrigues, J., Gu, Z., et al. (2021). Polysaccharide-based Nanomedicines for Cancer Immunotherapy: A Review. Bioactive Mater. 6 (10), 3358–3382. doi:10.1016/j.bioactmat.2021.03.008
 Zhang, R., Billingsley, M. M., and Mitchell, M. J. (2018). Biomaterials for Vaccine-Based Cancer Immunotherapy. J. Controlled Release 292, 256–276. doi:10.1016/j.jconrel.2018.10.008 
 Zou, W. (2006). Regulatory T Cells, Tumour Immunity and Immunotherapy. Nat. Rev. Immunol. 6 (4), 295–307. doi:10.1038/nri1806 
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.The handling editor declared a shared affiliation, though no other collaboration, with several of the authors RC, QW, YX and DL at the time of the review.
Copyright © 2021 Cui, Wu, Wang, Zheng, Ou, Xu, Qu and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.









	 
	ORIGINAL RESEARCH
published: 30 July 2021
doi: 10.3389/fbioe.2021.721617





[image: image]

Polypyrrole-Coated Magnetite Vortex Nanoring for Hyperthermia-Boosted Photothermal/Magnetothermal Tumor Ablation Under Photoacoustic/Magnetic Resonance Guidance

Jianfeng Bao1†, Shuangshuang Guo2†, Xiangyang Zu3, Yuchuan Zhuang4, Dandan Fan2, Yong Zhang1, Yupeng Shi1, Zhenyu Ji2, Jingliang Cheng1* and Xin Pang1*

1Functional Magnetic Resonance and Molecular Imaging Key Laboratory of Henan Province, Department of Magnetic Resonance Imaging, First Affiliated Hospital of Zhengzhou University, Zhengzhou University, Zhengzhou, China

2Henan Institute of Medical and Pharmaceutical Sciences, Zhengzhou University, Zhengzhou, China

3College of Medical Technology and Engineering, Henan University of Science and Technology, Luoyang, China

4Department of Imaging Sciences, University of Rochester Medical Center, Rochester, NY, United States

Edited by:
Junqing Wang, Sun Yat-sen University, China

Reviewed by:
Gang Liu, Xiamen University, China
Jun Deng, Army Medical University, China
Yanling Wei, Army Medical University, China

*Correspondence: Jingliang Cheng, fccchengjl@zzu.edu.cn; Xin Pang, pangxin116@163.com

†These authors have contributed equally to this work

Specialty section: This article was submitted to Biomaterials, a section of the journal Frontiers in Bioengineering and Biotechnology

Received: 07 June 2021
Accepted: 29 June 2021
Published: 30 July 2021

Citation: Bao J, Guo S, Zu X, Zhuang Y, Fan D, Zhang Y, Shi Y, Ji Z, Cheng J and Pang X (2021) Polypyrrole-Coated Magnetite Vortex Nanoring for Hyperthermia-Boosted Photothermal/Magnetothermal Tumor Ablation Under Photoacoustic/Magnetic Resonance Guidance. Front. Bioeng. Biotechnol. 9:721617. doi: 10.3389/fbioe.2021.721617

Photothermal/magnetothermal-based hyperthermia cancer therapy techniques have been widely investigated, and associated nanotechnology-assisted treatments have shown promising clinical potentials. However, each method has some limitations, which have impeded extensive applications. For example, the penetration ability of the photothermal is not satisfactory, while the heating efficiency of the magnetothermal is very poor. In this study, a novel magnetite vortex nanoring nanoparticle-coated with polypyrrole (denoted as nanoring Fe3O4@PPy-PEG) was first synthesized and well-characterized. By combining photothermal and magnetothermal effects, the performance of the dual-enhanced hyperthermia was significantly improved, and was thoroughly examined in this study. Benefiting from the magnetite vortex nanoring and polypyrrole, Fe3O4@PPy-PEG showed excellent hyperthermia effects (SAR = 1,648 Wg–1) when simultaneously exposed to the alternating magnetic field (300 kHz, 45 A) and near-infrared (808 nm, 1 W cm–2) laser. What is more, nanoring Fe3O4@PPy-PEG showed a much faster heating rate, which can further augment the antitumor effect by incurring vascular disorder. Besides, Fe3O4@PPy-PEG exhibited a high transverse relaxation rate [60.61 mM–1 S–1 (Fe)] at a very low B0 field (0.35 T) and good photoacoustic effect. We believe that the results obtained herein can significantly promote the development of multifunctional nanoparticle-mediated magnetic and photo induced efficient hyperthermia therapy.

Keywords: magnetite vortex nanoring, magnetic hyperthermia, photothermal hyperthermia, theranostics, multimodal imaging


INTRODUCTION

Hyperthermia therapy (HT), which is well known as a “green” cancer therapy method, has been widely used as a treatment for cancer in all phases and almost all kinds of cancer in clinical trials (van der Horst et al., 2018; Helderman et al., 2019). HT has a long history of treating disease and owing to nanotechnology-enabled advancements, it has attracted more attention of researchers in recent years. Nanoparticle-aided HTs have demonstrated controllability and efficient efficiency, which allow time- and region-specific treatment with maximum therapeutic effect and minimum side effects (Al-Ahmady and Kostarelos, 2016; Sharma et al., 2019; Zhang et al., 2020). Among various heating strategies, alternating magnetic field (AMF)- and near infrared (NIR)-induced HTs have been most studied and are generally considered as the most appropriate approaches. Thus, nanoparticles with high thermal effects, such as Au (Ma et al., 2016; Sun et al., 2017), Ag (Das et al., 2016; He et al., 2020), copper (Wang et al., 2018), carbon (Hong et al., 2015), iron (Wang et al., 2005; Tong et al., 2017; Cotin et al., 2019; Zhang et al., 2020), and organic materials [cyanine dyes (Yoon et al., 2017; Chu et al., 2020), porphyrins (Hiroto et al., 2017), and conjugated polymer (Zhou et al., 2013; Shi et al., 2020)], have been designed and successfully synthesized, and the corresponding NIR/AMF-triggered HTs have led to fruitful results in treatment of various diseases. However, both the NIR and the AMF have their own limitations. For example, most AMFs need high concentration heating agents (1–2 M), which may raise concern for clinical application. While for the photothermal, the NIR laser light has been confined to the superficial tumor for a long time. Thus, inspired by the aforementioned problems, we presented a combination of top-down approach to realize the two thermal effects triggered by one nanocomposite to compensate for each other to realize the optimized heating efficiency. Furthermore, multifunctional nanoparticles that can increase both thermal efficiencies have been merely reported in the literature (Espinosa et al., 2016; Ma et al., 2019; Yang et al., 2019).

In this study, a novel core-shell magnetic vortex nanoring coated with polypyrrole (PPy) Fe3O4@PPy-PEG composites was designed and successfully synthesized for photothermal/magnetothermal therapy against cancer. We chose PPy in this study because of its good photothermal performance, photostability, and outstanding biocompatibility. The characterization and photothermal, and magnetothermal properties of the proposed nanoring composites were explored in an aqueous suspension. The cytotoxicity and dual heating effects were also assessed in vitro cancer cells and in vivo solid tumors. After treatments, histological analysis was then carried out on the tumors and main organs to further evaluate the therapy efficiency and toxicity. Moreover, since medical imaging techniques could monitor the status and provide spatial and functional information of the tumor, imaging-guided cancer therapy may be promising to increase the accuracy of cancer therapy. To this end, the nanoring Fe3O4@PPy-PEG was also investigated for magnetic resonance imaging (MRI) and photoacoustic imaging (PAI) contrast enhancement both in vitro and in vivo. An extremely high transverse relaxation rate (60.61 mM–1 S–1) was observed with a clinical open scanner equipped with a very low 0.35 T permanent magnet. The results showed that guiding by high resolution of soft tissue enhanced MRI/PAI images, and that nanoring Fe3O4@PPy-PEG enabled efficient ablation of tumor unaccompanied by obviously adverse effects with AMF plus NIR-triggered dual-enhanced hyperthermia. Lastly, this study provides an effective strategy for mechanism-based dual-enhancement HTs and suggests the promising potential of such multifunctional nanotheranostics applicable for clinical applications.



RESULTS AND DISCUSSION


Synthesis and Preparation of Nanoring Fe3O4@PPy-PEG

Nanoring Fe3O4@PPy-PEG was synthesized, as shown in Scheme 1. As shown in the TEM (Figure 1A) and SEM (Supplementary Figure 1) images, nanoring α-Fe2O3 was first obtained according to the previous study using oil bath with uniform morphology. The SEM results revealed that synthesized nanoring has an average size: height = 67 ± 21 nm, inner diameter = 41 ± 18 nm, external diameter = 93 ± 27 nm, and the wall thickness is 26 ± 12 nm by manual measurement of 30 nanoparticles (NPs) in SEM images. Then, the orange color nanoring α-Fe2O3 was reduced to black color magnetic nanoring Fe3O4 as shown in Figure 1C. Compared with nanoring α-Fe2O3, no obvious difference was found in the morphology and the geometry for the nanoring Fe3O4 in SEM and TEM images as shown in Supplementary Figure 1. After the nanoring Fe3O4 coated with PPy and PEG, a thin shadow layer was clearly observed on the ring surface in TEM image as shown in Figure 1B and the shadow layer can be attributed to the PPy coating and PEGylation. The thickness of PPy is around 12 nm. As shown in Figure 1C, the saturation magnetization (Ms) of the obtained nanoring Fe3O4@PPy-PEG was 76.7 emu g–1, which was much larger than that of the conventional SPIO. The good magnetic properties indicate that favorable magnetic hyperthermia and transverse relaxation effects can be expected and the proposed Fe3O4@PPy-PEG nanoring may also have a great potential in MRI-guided cancer magnetic hyperthermal therapy. The zeta potential and hydrodynamic size of the nanoring Fe3O4@PPy-PEG measured by dynamic light scatter (DLS) in saline were determined to be about −10.3 mV and 192 nm, respectively, which are larger than those under TEM observations. The narrow size distribution indicated NPs without obvious aggregation. Moreover, the ICP-OES analysis revealed that the Fe3O4:PPy of the nanoring composite is 1:3.28.
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SCHEME 1. Schematic illustration of the formation process for nanoring Fe3O4@PPy-PEG nanoparticles and their applications for cancer theranostics.
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FIGURE 1. Characterization of nanoring Fe3O4@PPy-PEG and its magnetic, photothermal properties. (A,B) Are morphology of nanoring Fe3O4 and Fe3O4@PPy-PEG determined by TEM. (C) Magnetization loops of nanoring Fe3O4@PPy-PEG and its photos in water with and without magnet. (D) UV-vis spectra of nanoring Fe3O4 and nanoring Fe3O4@PPy-PEG. (E) Transverse relaxation rate of Fe3O4@PPy-PEG obtained at very low B0 field strength (0.35 T) and corresponding T2–weighted images. (F) Photoacoustic spectrum from 680 to 980 nm with 5 nm step length in the water of Fe3O4@PPy-PEG. (G) Photoacoustic imaging of the phantom with different concentrations of Fe3O4@PPy-PEG at 830 nm excited wavelength. The graph presents the linear regression of the mean values of the photoacoustic signal amplitude as a function of nanoring Fe3O4@PPy-PEG aqueous dispersion. The hydrodynamic diameters of the prepared nanoring Fe3O4@PPy-PEG in the PBS and cell culture medium for 5 days are explored, and the results show good stability and dispersibility in both solvents (Supplementary Figure 3).


The crystal structure of the nanoring α-Fe2O3, Fe3O4 and Fe3O4@PPy-PEG was determined by X-ray diffraction (XRD) (Supplementary Figure 2) analysis, which revealed that all the peaks can be well-indexed to a single phase of hematite (JCPDS no. 33-0664) for the initially as-prepared product (nanoring α-Fe2O3). In contrast, the reduced product shows a cubic inverse spinel phase, which can be identified as Fe3O4 (JCPDS no. 19-0629). After coating with the PPy and PEG, a broad envelope peak shows up at the low-angle region in XRD patterns, which come from the PPy according to the previous studies (Wang et al., 2013; Das et al., 2019) and does not change the crystallinity of nanoring Fe3O4.

As shown in Figure 1C, the magnetic property of Fe3O4@PPy-PEG was preliminary validated using a magnet. When placed a magnet nearby, the black nanoring was rapidly attracted to the magnet side. What’s more, the measured high saturation magnetization value (76.7 emu g−1) further indicated that the synthesized nanoring has a potential for enhancing T2W MR imaging.

As shown in Figure 1D, compared with the nude nanoring, Fe3O4, PPy-PEG coated nanoring shows a significantly elevated absorption peak in IR window, which means the proposed as-prepared nanoring Fe3O4@PPy-PEG may hold a great potential for PAI-guided cancer PTT treatment.

As shown in Figure 1E, T2 relaxation rate was measured on 0.35 T, [60.61 mM–1 S–1(Fe)] as a function of Fe concentration for nanoring Fe3O4@PPy-PEG. In the corresponding T2-weighted (T2W) images (bottom), higher nanoring concentration show lower MR signals, and reduced nanoring of Fe3O4 show the lowest MR signal. The in vitro phantom quantitative experiments prove the proposed nanoring Fe3O4@PPy-PEG can be used as a high-performance MR T2 contrast agent. In order to further validate and verify the synthesized sample’s capability in clinical applications, we also scanned the sample using a 3.0 T MRI scanner, and the T2 relaxation rate (R2) on 3.0T is 85.28 mM–1 S–1 (Fe) (Supplementary Figure 5). This result indicates that the proposed synthesized sample can be used on both 0.35T and 3.0T MRI scanner.

As shown in Figure 1F, the PAI signal intensity increases with the increase in the excitation wavelength from 680 to 900 nm. It not only proves the nanoring Fe3O4@PPy-PEG may be used as PAI contrast agent but also indicates high PAI signal intensity can be obtained in the long wavelength region, which alleviates the effects of the physiological artifacts. Thus, 900 nm was selected as the excitation wavelength for the following phantom and animal studies. Thus, as shown in Figure 1G using 900 nm excitation wavelength, we found a clearly linear relationship between the PAI signals and the corresponding sample concentrations, which is beneficial to following in vivo quantitative imaging. Furthermore, it can be directly seen that the brightness of PA images (bottom) of the aqueous phantoms increases with the concentrations and the signal intensity is pretty high even at the low concentration, which further confirmed the outstanding PA property of nanoring Fe3O4@PPy-PEG, and it may be attributed to the synergistic effects of black color magnetite (Ting et al., 2014; Lu et al., 2018) and PPy (Liang et al., 2015; Lin et al., 2018). The results demonstrate that the proposed nanoring Fe3O4@PPy-PEG is a promising candidate for photoacoustic imaging at the NIR window where the excitation laser pulse can penetrate to the deeper tissues.



Photothermal and Magnetic Thermal Properties of Fe3O4@PPy-PEG

The photothermal effects of Fe3O4@PPy-PEG were investigated by photo-irradiating Fe3O4@PPy-PEG in saline (200 μl, 75, 150, 300, and 600 μgml–1) with an 808-nm laser (1 W cm–2). The solution exhibited a rapid temperature increase, reaching about 55°C in 5 min with irradiation (Figures 2A,C). The photo-irradiating temperature change curves and thermal images of sample and control over times are shown in Figures 2A,B. It should be noticed that beside the much higher final plateaus of the dual thermal actions, the temperature increase rate was also obviously faster, which possibly augments the antitumor effects and shortens the treatment duration (Hasegawa et al., 2001; Szasz et al., 2006) in the following study. The results proved that the proposed nanoring Fe3O4@PPy-PEG may hold a potential as a high efficiency photothermal conversion agent. The magnetic thermal property of Fe3O4@PPy-PEG was also investigated in vitro by AMF. From Figure 2B, we found that higher concentration of the Fe3O4@PPy-PEG saline solution shows a steeper temperature change curve as expected.
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FIGURE 2. (A) Photo of the home-made dual hyperthermia cancer therapy system, combined the photothermal and magnetothermal therapy. In the photo, the red arrows indicate four parts: IR Camera, AMF coil for MT, 808 nm Laser for PTT, and Thermostatic water bath. (B) Heating capacity [SAR (Wg–1)] in MT, PTT, and dual mode. (C) Temperature increase for different concentration nanoring Fe3O4@PPy-PEG after 5 min of each treatment and corresponding thermal images acquired by IR camera at different time points.


As shown in Supplementary Figure 4, the heating capacities of the nanoring Fe3O4@PPy-PEG triggered by MT and PTT were studied with different magnetic strength and laser power separately, and both parameters can adjust the heating hyperthermia efficiency. As expected, the SAR increases with the magnetic field strength in the MT-mode and increases with the laser power as well in the PTT-mode. Furthermore, in the dual model shown in Figure 2C, the SAR is significantly higher than PTT and MT and far beyond 1,000 (Wg–1), which is consistent within some previous studies (Das et al., 2016; Del Sol-Fernández et al., 2019).



Cancer Cell Cytotoxicity

The cell viability of the different concentrations of Fe3O4@PPy-PEG and corresponding various treatment conditions were explored in vitro with 4T1 cells. As shown in Figure 3A, the cell viability slightly decreased when the concentration of the samples increased. However, no significant cytotoxicity for Fe3O4@PPy-PEG was observed, which indicated good cellular affinity of the proposed nanoring. The cytocompatibility assay also indicated that the proposed nanoring is relatively safe for in vivo application. Compared with the control group (0 μgml–1), no obvious death was observed in 4T1 cells incubated with Fe3O4@PPy-PEG, even if being treated with the high concentration (400 μgml–1), which the cell viability remains high of 94.2%. Subsequently, in vitro nanoparticle-mediated ablation effects triggered by AMF and NIR were explored. As shown in Figure 3A, the cell viability was almost equal to that of the control group after different treatments without the nanoparticles, which indicates that neither NIR (808 nm, 0.5 W cm–2) or AMF (300 kHz 30 A) will lead to apparent cell death. In contrast, when the nanoring Fe3O4@PPy-PEG was introduced, obvious cell cytotoxicity was observed with the same treatments as the control group. As expected, the cell viability decreased obviously with increasing the concentration of the nanoring Fe3O4@PPy-PEG for each therapy method. Importantly, the combined therapy of photothermal and magnetic hyperthermal were also examined, and the results can be seen in Figure 3A. The cell viability decreases rapidly when the concentration of the nanoring Fe3O4@PPy-PEG increases, and there is a dramatic decrease in the cell viability after combined therapy was observed for all concentrations. The temperature elevation was recorded for all treatments, as shown in Figure 3B. The temperature increases remarkably higher and faster using the dual mode than the MT or NIR mode alone. Thus, the combination therapy was preliminary proved to be more efficient than monotherapy for in vitro cell experiments.
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FIGURE 3. In vitro nanoring Fe3O4@PPy-PEG-mediated heating for 4T1 cells. (A) Relative cell viabilities after incubation with samples in the presence of a magnet with or without photo thermal (808 nm 5 W cm–2) and magneto thermal (300 kHz 30 A) for 10 min, ∗p < 0.05 and ∗∗p < 0.01. (B) Temperature curves of 4T1 cells incubated with nanoring Fe3O4@PPy-PEG, at a final concentration 200 μgml–1, and subject to an AFM (300 kHz, 30 A), NIR-Laser irradiation (808 nm, 0.5 W cm–2) or both treatments simultaneously and corresponding IR images. (C) Representative fluorescence images of 4T1 cells co-stained with calcein-AM/PI (live is green/dead is red) standing. Scale bar, 100 μm.


To intuitively display and visualize the cancer cell kill abilities of the proposed nanoring, cell live/dead staining with calcein AM/PI was used, as shown in Figure 3C. The results are consistent with cell viability assessments under same conditions, and further confirmed the good cytocompatibility of nanoring Fe3O4@PPy-PEG and obvious cell death (red fluorescence) with each treatment. Noteworthy is that much higher cell death of the combined therapy was observed compared with that of monotherapy, which was consistent with the MTT results. When we used the dual hyperthermia, almost all cells incubated with the nanoring Fe3O4@PPy-PEG were ablated to death, which indicated the best effect in killing cancer cells. In summary, by combining the two complementary HT method (PTT and MT), we achieved a high antiproliferative efficiency, which indicated that the proposed dual HT method can significantly inhibit the tumor grow in vitro.



MR and PA Imaging

Attributed to the excellent T2-weighted MRI and PA dual contrast-enhancing performance in the phantom of the proposed nanoring Fe3O4@PPy-PEG, as well as the very low cytotoxicity verified by the in vitro experiments, the in vivo contrast enhancement capability and tumor accumulation behavior were then explored. It should be noted that before the in vivo studies, the hemocompatibility of the proposed nanoparticle was also assessed in vitro. As shown in Supplementary Figure 6 and Supplementary Table 1, no visible hemolytic effects were observed, which further confirmed the good biocompatibility of the materials, indicating the promising potential for in vivo applications.

Next, the in vivo MR experiment was performed on a tumor bearing mouse, as shown in Figure 4A; and in order to compare the signal intensity changes, all the scan parameters, which can also affect the final image contrast and signal intensity, were consistent across different time points. The T2W coronal MR images were obtained at different time points before and after Fe3O4@PPy-PEG injection (200 μl, 2 mgml–1). It can be seen that cancer sites (red dotted circles) were significantly darker after 2-h injection, and almost recovered after 3 days of injection. To quantitatively analyze the signal change over time, several regions of interest (ROIs) were manually placed in the tumor, liver (purple circle), and muscles (black circle) regions to extract the signal values. The average signal intensities of these tissues were plotted at different time points, as shown in Figure 4B. Compared with muscle and liver, the tumor site showed remarkably signal attenuation after about 1–2-h administration, which indicated that the nanoring Fe3O4@PPy-PEG produced high native contrasts on T2W MR images. Furthermore, it should be noticed that the signal intensity falls to the lowest point after 2-h injection, which indicates the maximum accumulation of the nanoring Fe3O4@PPy-PEG and implied that the NIR or AMF induced therapy must work the best at that time point. The in vivo results demonstrated the nanoring structure could serve as an excellent negative contrast agent for very low magnetic field MRI scanner.


[image: image]

FIGURE 4. In vivo exploration of the dual imaging modalities enhancement caused by nanoring Fe3O4@PPy-PEG on 4T1 tumor-bearing mice. (A) In vivo T2-weighted MR images with IV injection with 200 μl 2 mgml–1 samples for up to 72 h. The red dotted circle denotes the tumor site, and the black and purple circle denotes the muscle and liver regions for acquiring the MR signal intensity. (B) MR signal intensity changes in different organs before and after administration. (C) PAI images acquired at different time points before and after the IV injection of samples. The exciting light wavelength of PAI is 900 nm, and the red circle denotes the tumor region. (D) PAI signal intensity changes over time for the tumor site.


Due to the tremendous amount and broad absorption in the NIR window in UV-vis spectrum and photothermal characteristic, the nanoring Fe3O4@PPy-PEG playing a PAI contrast agent role for enhancing PAI images was explored in vitro and in vivo. For the in vivo experiments shown in Figure 4C with 900 nm excitation laser pulse and IV injection, the tumor (denoted with red dash circles) was remarkably enhanced gradually and reached the maximum value at 2 h post injection and then declined. The quantitative analysis of the mean signal intensity curve of the tumor is shown in Figure 4D. It should be noticed that the temporal signal enhancements and decline reflect the dynamic accumulation and excretion process of the nanoring Fe3O4@PPy-PEG in the tumor site, which can be used to precisely guide the subsequent tumor treatments. From Figure 4B, the MR signal intensity of the tumor reached to the lowest points at around 2 hours, while Figure 4D showed that the PAI signal intensity peaked also around 2 hours. Both results indicate the maximum nanoparticles accumulation in the cancer site appeared in 2 hours after injection. From this result, we can then optimize when to apply the external PTT and MT treatments. These results demonstrated that the proposed nanoring Fe3O4@PPy-PEG possessed excellent MR and PA imaging capabilities in vivo.



In vivo Cancer Combined Therapy

Encouraged by the remarkable in vitro cell-killing ability through high-performance thermal effects via the combined PTT and MT method mediated by the proposed nanoring Fe3O4@PPy-PEG, in vivo animal experiments were carried out to evaluate and compare the cancer therapy efficiency of different hyperthermia therapies. As illustrated in Figure 5A, cancer-bearing mice were randomly separated into five groups. Each group includes five mice with prescribed treatments. The tumor temperature under different therapies was monitored using a thermal camera, because the high thermal efficiency is a key factor for tumor ablation efficiency. Figure 5A shows the curve of the temperature changes over 10 min. After about 3 min, the dual hyperthermia therapy method heats the tumor region higher than 55°C, which is sufficient to cause tumor cell ablation in vivo. In contrast, for the mice treated with single thermal method, the temperature only shows no obvious increase in the PBS group. Furthermore, consistent with the in vitro results, both the heating rate and the final temperature are remarkably higher for the dual hyperthermia method than those of each method alone, and are both beneficial for HT efficiency. The relative tumor volume of each mouse was calculated with cancer length and width in 18-day treatment; and as shown in Figure 5B, at the end of the experiment, the mean value of the relative cancer volume was significantly lower in the NIR + AMF group, which shows extraordinary tumor suppression and almost realizes complete tumor reduction compared with the other groups. On the other hand, the group with AMF or NIR shows relative smaller value of relative cancer volume than the control groups. Since loss of body weight is a clinical sign of toxic symptoms, the body weight was recorded, and no notable or statistically significant differences in the mean body weight were found between the groups, as shown in Figure 5C. It is obvious that AMF + NIR shows almost disappeared tumors, and the control group shows huge tumors. In order to better display the in vivo treatment procedures and results, reprehensive photos and images are shown in Figure 5D. To further evaluate the efficacy and safety of the HTs, after the second treatments, one mouse in each group was randomly chosen and sacrificed. Besides the tumor, major organs such as heart, liver, spleen, lung, and kidney were extracted for hematoxylin and eosin (H and E) staining. As shown in Figure 5d4, the therapy group showed the large area of cell death, but no obvious damages or inflammation lesions were observed in the major organs (Supplementary Figure 7). These preliminary results indicated that the proposed Fe3O4@PPy-PEG is an efficient and safe nanoplatform for cancer therapy. Consequently, these preliminary results suggest that the nanoring Fe3O4@PPy-PEG may serve as a potential clinically translatable nanotheranostics for highly dual effective HTs.


[image: image]

FIGURE 5. Antitumor effects of the proposed nanoring Fe3O4@PPy-PEG through hyperthermia (PTT and AMF separately or jointly) in 4T1 mice. (A) Thermal elevation curves for each treatment group. (B) Body weight recorded in 18 days and (C) relative tumor growth curves. Data are presented as mean ± SD, and the significance of differences was set at ∗∗p < 0.01. (D) According to different treatment protocols to implement grouping and subsequent experiments, (D1) photos of the mice before treatments, (D2) reprehensive IR images of tumor bearing mice injected intratumorally with 50 μl PBS or 200 μgml–1 sample, (D3) photos of the mice after 18 days for different treatments, and (D4) representative H and E staining of tumor section of each group. Scale bar, 100 μm.




CONCLUSION

In summary, a novel iron oxide-based theranostic nanosystem was reported for efficiently enhanced MRI/PAI-guided photo-magnetic hyperthermia therapies. By simply reducing the ring shape of α-Fe2O3, uniform hollow magnetite Fe3O4 was obtained with excellent magnetic properties. After coating with PPy, the nanoring Fe3O4@PPy-PEG showed intensive absorption and light-to-heat conversion efficiency. Remarkably, the heat-generating ability, both heating rate and peak value, was significantly higher for the dual thermal actions compared with either one. Cell culture results suggested excellent biocompatibility of the nanoparticle itself but with high level of cytotoxicity upon being remotely activated with AMF and NIR. An extremely high transverse rate (R2 = 60.61 mM S–1) was observed in vitro, and good contrast effects were proved for in vivo experiments with a very low magnetic-filed 0.35 T clinical MR scanner. Interestingly, the nanoring also showed good PAI effect for the in vitro and in vivo experiments. In particular, under AMF and NIR stimulation conditions, the boosting heat induced complete tumor ablation and largely suppressed cancer growth for in vivo experiments. In brief, this study not only demonstrates the nanoring Fe3O4@PPy-PEG is a highly effective nanocomposite for imaging-guided photo-magnetic HT, it also provides a fundamental guideline for developing a hollow iron oxide-based multifunctional theragnostic nanoplatform for cancer-efficient hyperthermia therapy and monitoring.



MATERIALS AND METHODS


Materials

Unless specified, the chemicals were purchased from several commercial companies and used without further purification. FeCl3, NaH2PO4, Na2SO4, and pyrrole were purchased from Aladdin Company (Shanghai, China). The murine breast cancer cell line (4T1) was purchased from Shanghai Bioleaf Biotechnology Co., Ltd. (Shanghai, China). Poly (vinyl alcohol) (PVA) and sodium dodecylbenzene sulfonate (SDBS) were purchased from Macklin Chemical Co. (Shanghai, China). The DAPI kit and calcein-AM/PI kit were purchased from Biyuntian Bio-Technology Co., Ltd. (Shanghai, China), and 3-(4,5-dimethyl-2-thiazyl)-2, 5-diphenyl-2H-tetrazolium bromide (MTT) was purchased from Solarbio (Beijing, China). The fetal bovine serum (FBS), Roswell Park Memorial Institute-1640 (RPMI-1640) medium, and (calcein-AM)/propidium iodide (PI) was purchased from Thermo Fisher Scientific Inc. (Waltham, MA, United States), which was used without further purification. PL-PEG-COOH (DSPE-PEG2000 carboxylic acid) was purchased from Avanti Polar Lipids, Inc. (Alabaster, AL, United States).



Preparations of Nanoring Fe3O4@PPy-PEG NPs

The synthesis approach of the basic hollow α-Fe2O3 nanoring NPs was a simple hydrothermal method derived from previous study (Jia et al., 2008). As shown in Scheme 1, 259.2 mg FeCl3, 1.728 mg NaH2PO4, and 6.248 mg Na2SO4 were mixed together in an 80-mL aqueous solution with distilled water. After vigorously stirring for 30 min, the mixture was transferred into a hydrothermal reactor liner with a capacity of 100 ml for hydrothermal treatment at 220°C in oil bath for 24 h. The autoclave was cooled to room temperature at the end of the experiments, and the orange precipitate was separated by centrifugation (10,000 r min–1), washed with distilled water and absolute ethanol eight times, and dried under vacuum at 80°C for the following procedures.

For the reduction experiment on powdered α-Fe2O3 nanoring, the as-prepared nanoparticles (1 g) were flattened on the bottom of a quartz boat, which was placed in the middle part of a quartz tube and kept horizontally in the furnace. A mixed gas of 5% hydrogen and 95% argon was passed through the quartz tube at a rate of 1 L min–1 for 20 min to remove other gases. Then, the system was heated to 400°C at a speed of 10°C min–1 and kept at that temperature for 2 h before being cooled down to room temperature (Peng et al., 2012).

After reduction, the nanoring NPs were coated with PPy. The PPy monomer was oxidized by FeCl3, which triggered the following PPy polymerization on the surface of Fe3O4 nanoring. Briefly, 10 mg sodium dodecyl benzene sulfonate (SDBS) and 30 mg PVA were completely dissolved in 10 ml water, and then 10 mg as-prepared Fe3O4 nanoring was added into the solution. Then, the solution was ultrasonicated at maximum power for 1 h to ensure full dispersion of the sample. Then, a 20-μl PPy monomer was added to the solution and stirred for another 2 h. After that, 40 mg of 2 ml FeCl3 solution was added to the mixture solution dropwise and then stirred at room temperature for 48 h to obtain the final product nanoring Fe3O4@PPy. The raw product was washed eight times with deionized water and collected with magnet. To improve biocompatibility, polyethylene glycol (PEG) was modified on the nanoring Fe3O4@PPy according to the previous study (Wang et al., 2013).



Characterization

A tabletop ultracentrifuge (Beckman Coulter TL120, Beckman Coulter, Brea, CA, United States) was used for NP purification and isolation. Particle morphology and size were measured using a field emission scanning electron microscope (FE-SEM, JEOL, JSM-6700F, 15 kV, Tokyo, Japan) and a transmission electron microscope (TEM, JEOL, JEM-2100, 200 kV, Tokyo, Japan). The magnetic character of NP was measured at 300 K in a superconducting quantum interference device (SQUID) magnetometer (Quantum Design MPMS-5S, Quantum Design Inc., San Diego, CA, United States). XRD was measured using a Bruker D8 Advance diffractometer (Bruker GmbH, Karlsruhe, Germany) at room temperature. Nanodrop 8000 (Thermo Fisher Scientific Inc., Waltham, MA, United States) was used to obtain the UV-Vis spectrum. Magnetic properties were measured by Physical Property Measurement System [PPMS-9T (EC-II), Quantum Design Inc., San Diego, CA, United States]. Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES, Optima 2100, PerkinElmer, Waltham, MA, United States) was used to determine metal elements. An ASPG-10A-II (Shuangping Power Supply Technology Co., Ltd., Shenzhen, China) high-frequency alternating magnetic field (AMF) system was applied in this study with F = 300 kHz and I = 5–45 A. An 80-nm NIR laser source LWIRL808-8W (Beijing Laserwave Optoelectronics Technology Co., Ltd., Beijing, China) was applied to conduct photothermal experiments. A thermal infrared camera (Thermal Imager TESTO 869, Testo SE & Co., KGaA, Darmstadt, Germany) was used to record temperature changes. The MRI data were obtained on a clinical open permanent magnet scanner (XGY-OPER, Ningbo Xingaoyi Co., Ningbo, China). The PAI data were obtained using a preclinical 64-TF multispectral optoacoustic tomography (MSOT, iThera Medical, Munich, Germany) system with the spectral region from 680 to 980 nm and 150-μm resolution.



Hyperthermia Effect Evaluation

The photothermal conversion ability of the Fe3O4@PPy-PEG nanoring was excited using an 808 nm NIR laser system. Saline and samples with various concentrations (75, 150, 300, and 600 μgml–1) in Eppendorf tubes were irradiated under the 808 nm laser with a power of 1 W cm–2. Similarly, the magnetothermal effect was assessed using a high-frequency AMF system (SPG-10A-II, 300 kHz,45 A). Samples with the same concentration as PTT were placed in the center of the coil, and then AMF was applied. For the photo/magneto joint thermal effects, the different concentration sample was placed in the coil, and then AMF and laser exactions were applied at the same time for 5 min, as shown in Figure 2A. The temperature and corresponding thermal image were recorded at real-time for 5 min for all the experiments. To prove the heating process of the proposed nanoring, Fe3O4@PPy-PEG can be easily controlled by adjusting the dual-mode parameters, as shown in Supplementary Figure 4, the heating efficiency for each hyperthermia modality was assessed with various magnetic field strength (70–560 Oe) and laser power (0.3–2 W cm–2).

The efficiency of photothermal and magnetothermal is classically expressed in terms of specific absorption rate (SAR). The SAR value is defined as the power dissipation per unit mass of iron (Wg–1) and was calculated using the following equation:

[image: image]

where C is the heat capacity of the medium (water is commonly considered to be 4184 Jkg–1⋅°C), VS is the mass of the suspension, m is the iron content of the suspension, and [image: image] is the measured temperature elevation rate at the initial 60 s linear slope (Ebrahimisadr et al., 2018).



Cell Experiments

The cytotoxicity of nanoring Fe3O4@PPy-PEG and different therapy efficiency were evaluated in vitro. 4T1 cells were cultured in a 20-ml RPMI-1640 medium containing 10% FBS, 15 mg penicillin, and 25 mg streptomycin at 37°C in a humidified 5% CO2 atmosphere. The medium was replaced every 1–2 days (Liu et al., 2018).

For the standard MTT and cell hyperthermia experiments, 4T1 cells were first seeded in a 96-well plate at a density of 1 × 104 cells well–1. The plate was then maintained in a CO2 incubator at 37°C with 5% CO2 for another 24 h. Then, a different amount of nanoring Fe3O4@PPy-PEG was added to the medium, and the 4T1 cells were cultured for another 24 h before other experiments. For standard MTT assay, all wells were added with 100 μl 5 mg ml–1 MTT dissolved in PBS and was incubated and gently shaken for 4 h. Then, 100 ml dimethyl sulfoxide was added into all the wells, and the absorbance was quantified at 570 nm using an enzyme-linked immunosorbent assay (ELISA) plate reader (model 550, Bio-Rad Laboratories, Inc., Hercules, CA, United States). PBS was added to the control group, and the background absorbance was adjusted for the bias caused by the dark color nanoring Fe3O4@PPy-PEG. According to the previous study (Wang et al., 2013), a magnet was placed under the well to enhance the cellular uptake of the proposed multifunctional nanoparticle internalization for another 30 min. Then, after carefully washing, the PTT (808 nm, 0.5 W cm–2) and magnetic hyperthermia therapy (300 kHz, 30 A) were applied separately or jointly for 10 min after. After 4-h incubation, standard MTT assay was performed as well (Yang et al., 2016). In order to visualize the cell death caused by different treatments, cells were further stained with calcein AM/PI (Ma et al., 2012).



Tumor-Bearing Mice Preparation

All mice are 4 weeks old female Balb/c mice (∼18 g) purchased from Beijing Huafukang Biological Science and Technology Stock Co., Ltd. (Beijing, China), and 4T1 cells (1 × 106) suspended in 50-μL PBS were subcutaneously injected into the left hind limb of each mouse (Hill et al., 2016). After about 1 week, the volume of the tumor is about 80∼100 mm3, and predesigned treatments protocols can be applied. It should be noted that in order to make the nanoring Fe3O4@PPy-PEG enriched in the cancer site, a small circular magnet (diameter ø = 8 mm) was placed on the tumor surface immediately for 12 h after the intravenous (IV) injection of the sample.



MRI and PAI Enhancement Experiments

Because the saturation magnetization (Ms) value of the obtained nanoring Fe3O4@PPy-PEG is relatively high (76.7 emu g–1), the corresponding transverse relaxation rate (R2) value of MRI is expected high as well even at lower field permanent magnet MR scanners. It is also well known that the R2 value is not only depending on the material itself but also on the main magnetic field strength (B0) of the measurement MRI scanner. That is, R2 decreases as the B0 decreases. Thus, different from most previous studies, all MRI experiments in this study were performed on a 0.35 Tesla, which is the lowest B0 for clinical use, an open permanent magnet scanner (XGY-OPER, Ningbo Xingaoyi Co., Ningbo, China). In order to calculate the R2, different concentration (0–2 mgml–1) of nanoring Fe3O4@PPy-PEG was dispersed in an aqueous solution and fixed with 0.8% agarose gel in 2-ml EP tubes. Then, the phantoms were scanned with Carr–Purcell–Meiboom–Gill (CPMG) pulse sequence in a single coronal slice with the following parameters: repetition time (TR) = 4,000 ms, echo time (TE) = 12, 24, 48, 72, 96, 108, 120, 132, 168, 180, and 192 ms, bandwidth = 50 kHz, matrix = 128 × 128, and slice thickness = 5 mm. After acquisition, T2 fitting was carried out using the non-linear curve-fitting method and the reciprocal of T2 is R2.

Animal MRI experiments were performed with a 4T1 cancer-bearing mouse and a small animal coil. Before and after tail vein IV injection of 200 μl 2 mg m–1 nanoring Fe3O4@PPy-PEG, mouse was scanned with T2W fast spins echo method at predefined time points with the following parameters: TR = 3,000 ms, effective TE = 40 ms, echo train length (ETL) = 12, matrix = 128 × 128, and field of view (FOV) = 50 mm× 50 mm. The signal intensity of the tumor and any other organs was extracted using the ImageJ software package (Rasband W., National Institutes of Health, United States) for future quantitative analysis.

The PAI experiments were performed in a real-time whole-body mouse imaging multispectral optoacoustic tomography (MOST) system with 64 channels. In order to determine the optimal excited laser wavelength, a phantom containing 0.1 mgml–1 nanoring Fe3O4@PPy-PEG was scanned using wavelength sweep mode from 680 to 900 nm with 5-nm step width, and the PAI signal intensity was recorded for each wavelength. After that, different concentrations of nanoring Fe3O4@PPy-PEG (0–2 mgml–1) aqueous phantoms were prepared and scanned at the wavelength that the PAI signal intensity is maximized.

4T1 cancer beard mouse was scanned with the same protocol as the phantoms before and after IV injection of 200 μl 2 mg ml–1 sample at predefined time points. The signal intensity of cancer was recorded for further analysis.



In vivo Cancer Therapy Assessment

The in vivo cancer therapy efficiency of the proposed nanoring Fe3O4@PPy-PEG was assessed on 4T1 cancer-bearing mice on the left hind limb. When the cancer volume reached about 80∼100 mm3, the mice were randomly allocated into five groups (five mice for each group): (i) control group without any treatment; (ii) PBS + AMF + PTT; (iii) nanoring Fe3O4@PPy-PEG + PTT; (iv) nanoring Fe3O4@PPy-PEG + AMF; (v) nanoring Fe3O4@PPy-PEG + PTT + AMF. Nanoring Fe3O4@PPy-PEG 5 mg mL–1 was intratumorally injected into the mice at a dosage of 5 mg kg–1. After injection, the hyperthermia treatments including PTT (808 nm, 0.5 W cm–2, 20 min) and AMF (300 kHz, 30 A, 20 min) therapies, were performed as above designed for each group. To enhance the therapy outcomes, same treatments were applied to the corresponding group the day after first therapy day. The mice weight, and the length and width of each cancer were recorded every 3 days for 15 days before and after the second therapy. The tumor volume was calculated using the formula: width2 × length/2 (Wang et al., 2019).



H and E Staining

Two days after the second time therapy, one mouse in each group was randomly sacrificed, and the tumor and other main organs (heart, liver, spleen, lungs, and kidney) were extracted for further hematoxylin and eosin (H and E) stain to explore whether there are obvious damages.



Statistic Analyzing

All the statistical analyses were performed using SPSS 7.0 (IBM Corporation, Armonk, NY, United States). Group differences were determined by independent samples t-tests. Statistical significance was accepted at the 0.05 level (∗p < 0.05 and ∗∗p < 0.01).
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As a biodegradable material, black phosphorus (BP) has been considered as an efficient agent for cancer photothermal therapy. However, its systemic delivery faces several hurdles, including rapid degradation in blood circulation, quick clearance by the immune system, and low delivery sufficiency to the tumor site. Here, we developed a biomimetic nanoparticle platform for in vivo tumor-targeted delivery of BP nanosheets (BP NSs). Through a biomimetic strategy, BP NSs were utilized to coordinate with the active species of oxaliplatin (1,2-diaminocyclohexane) platinum (II) (DACHPt) complexions, and the nanoparticles were further camouflaged with mesenchymal stem cell (MSC)–derived membranes. We showed that the incorporation of DACHPt not only decelerated the BP degradation but also enhanced the antitumor effect by combining the photothermal effect with chemotoxicity. Furthermore, MSC membrane coating increased the stability, dispersibility, and tumor-targeting properties of BP/DACHPt, significantly improving the antitumor efficacy. In short, our work not only provided a new strategy for in vivo tumor-targeted delivery of BP NSs but also obtained an enhanced antitumor effect by combining photothermal therapy with chemotherapy.
Keywords: biomimetic nanoparticles, black phosphorus, drug-self-stabilization, mesenchymal stem cell membrane, combined chemo-photothermal cancer therapy, targeted delivery
INTRODUCTION
Owing to its distinctive structure and excellent physicochemical properties, black phosphorus (BP), an emerging member of the two-dimensional nanomaterials family has attracted extensive research interests in cancer photothermal therapy (Luo G. et al., 2019; Gao, et al., 2020; Hu, et al., 2020; Qi, et al., 2020). Compared with existing nanomaterials such as graphene and MoS2, BP offers a much larger surface-to-volume ratio due to its puckered lattice configuration (Ray 2016) and, therefore, has great potential as a superior drug nanocarrier, especially for cancer combination therapies (Luo M. et al., 2019; Wang, et al., 2020). Moreover, BP can easily degrade into nontoxic phosphorus compounds, such as phosphate, phosphonate, and other PXOY (Huang, et al., 2016; Zhang, et al., 2018), showing good biodegradability and safety in vivo (Shao, et al., 2018; Xue, et al., 2020). However, in vivo adoption of BP faces several hurdles, such as rapid degradation in blood circulation (Abate, et al., 2018), quick clearance by the immune system (Qu, et al., 2017), and low delivery sufficiency to the tumor site (Mitchell, et al., 2021).
Although multiple modification strategies have been developed for BP nanosheets (BP NSs) to improve their therapeutic effect, developing a stable and targeted BP NS-based multifunctional drug delivery system is still a challenging task. For example, as a common method to modify BP NSs, the PEGylation can effectively reduce their aggregation and keep them stable (Ou, et al., 2018; Wan, et al., 2020), but this electrostatic adsorption of polyelectrolytes onto BP NSs is instable upon intravenous administration due to the desorption. On the other hand, although chemical modification is a valid way to enhance the ambient stability of BP NSs by passivating their surface P atoms, it cannot improve the dispersion of BP NSs, leading to quick clearance of BP by the immune system. For example, we previously used the active species of oxaliplatin (1,2-diaminocyclohexane) platinum (II) (DACHPt) complexion to coordinate with exposed lone pair electrons of BP NSs (Liu G. et al.,. 2019). This strategy markedly stabilized BP NSs and meanwhile introduced chemotherapeutics DACHPt with a high loading efficiency, which showed more significant synergistic antitumor effects. However, in a complex physiological environment, this is still not an ideal delivery system requiring BP protection from immune attack and targeted delivery at tumor sites.
Recently, owing to its ability of directly inheriting complex membrane surface molecules from the source cell, the cell membrane camouflaging of nanoparticles has emerged as an attractive strategy for imparting nanoparticles a wide range of functionalities, including a prolonged circulation time (Wang, et al., 2018), modulated immune responses (Gao, et al., 2015), and specific targeting (Zhang, et al., 2018). Among the popular cell candidates, mesenchymal stem cells (MSCs) have received close attention due to their unique migration ability and intrinsic tumor tropism, which are primarily mediated by diverse surface receptors on their membranes (Momin, et al., 2010). In addition, ease of isolation from in vitro culture (Kusuma, et al., 2015) and safety in allogeneic transplantation (Noriega, et al., 2017; Tsumanuma, et al., 2016) are also the advantages of MSCs to be the source of membrane. Based on these properties, MSC membrane-coated nanoparticles have obtained a very good effect in targeting tumor and prolonging circulation time (Gao, et al., 2016a; Gao, et al., 2016b).
Accordingly, we designed a biomimetic tumor-targeted BP nanoplatform, called as BP/DACHPt-MSCM (Figure 1). In this nanoplatform, the active species of platinum-based anticancer drugs (DACHPt) was utilized to coordinate with BP NSs to form BP/DACHPt nanoparticles, and it was further camouflaged with MSC-derived membrane. We demonstrated that BP/DACHPt-MSCM had good dispersibility, much enhanced stability, and efficient tumor targeting. In vitro cytotoxicity results showed the combination of chemotherapy and photothermal therapies resulted in an excellent ability to inhibit the tumor cell growth.
[image: Figure 1]FIGURE 1 | Schematic showing the preparation of biomimetic BP/DACHPt-MSCM nanoparticles for targeted photothermal-chemo cancer therapy. 1: BP NSs prepared with bulk BP coordination with DACHPt to synthesize BP/DACHPt nanoparticles. 2: Extraction of MSC membranes by hypotonic treatment. 3: Ultrasonication mediated self-assembly of MSC membrane on the surface of BP/DACHPt nanoparticle to yield BP/DACHPt-MSCM nanoparticles.
MATERIALS AND METHODS
Materials
The bulk BP was purchased from Nanjing MKNANO Technology Co., Ltd. (Nanjing, China). DACHPtCl2, N-methyl-2-pyrrolidone (NMP), and fluorescein isothiocyanate (FITC) were purchased from Macklin Biochemical Co., Ltd. (Shanghai, China). AgNO3 was purchased from J&K Chemical (Shanghai, China). Phycoerythrin (PE) anti-human CD73 antibody, PE anti-human CD90 antibody, PE anti-human CD105 antibody, FITC anti-human CD44 antibody, FITC anti-human CD45 antibody, and FITC anti-human HLA-DR antibody were purchased from Elabscience (Texas, United States). Tris-HCl was purchased from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China). Phenylmethylsulphonyl fluoride (PMSF) was purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). 1,1’-Dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine,4-chlorobenzenesulfonate salt (DiD) was purchased from Coolaber Technology Co., Ltd. (Beijing, China). Cell Counting Kit-8 (CCK-8) was purchased from ApexBio (Houston, United States). Dead Cell Apoptosis Kit (Annexin V-FITC) and propidium iodide (PI) were purchased from Jiangsu KeyGEN Biotechnology Co., Ltd. (Jiangsu, China). Fetal bovine serum (FBS), high-glucose Dulbecco’s modified eagle medium (H-DMEM), alpha minimum essential medium (α-MEM), penicillin–streptomycin, trypsin-EDTA, and phosphate buffer saline solution (PBS) (pH 7.4) were obtained from Gibco Life Technologies (AG, Switzerland). All other commercially available chemicals and reagents were used as received.
Synthesis and Characterization of BP NSs
To prepare BP NSs, the bulk BP was ground to powder in a mortar, which was then dispersed in NMP (2 mg/ml) and sonicated for 4 h by a probe sonicator (on/off cycle: 5 s/5 s and 25% power) in an ice bath, followed by ultrasonication with a Kunshan KQ-600 GDV bath sonicator for 10 h (frequency: 40 kHz, power: 300 W) to perform liquid exfoliation. Next, the solution was centrifuged for 15 min at 7,000 rpm and the supernatant containing BP NSs was collected. Afterward, the supernatant was centrifuged for 15 min at 12,000 rpm and the precipitate was dispersed in NMP for further use.
Transmission electron microscopy (TEM) was performed using an FEI Tecnai G2 Spirit microscope operated at 120 kV. Atomic force microscopy (AFM) was carried out using the Bruker Dimension Fastscan microscope.
Synthesis and Characterization of BP/DACHPt
BP/DACHPt was prepared as per our method described previously (Liu M. et al., 2019). Briefly, AgNO3 (10 mM) was mixed with DACHPtCl2 in DI water (molar ratio: AgNO3/DACHPtCl2 = 2) in the dark at room temperature (RT) by stirring for 24 h. After the reaction, the mixture was centrifuged to remove generated AgCl precipitate. The supernatant was filtered through a micropore film and freeze-dried. Next, BP NSs dispersed in NMP (2 mg/ml) was mixed with DACHPt (mass ratio: DACHPt/BP NSs = 2) in the dark at RT for 12 h. Then, BP/DACHPt was harvested by centrifugation and washed with deionized (DI) water.
Raman spectroscopy was conducted using a Renishaw inVia Qontor confocal Raman microscope with the wavelength laser of 532 nm as the light source. X-ray photoelectron spectroscopy (XPS) was performed using the ESCALab250 spectrometer with Al Kα radiation.
Cell Culture
MSCs, derived from human placental chorionic villi, were cultured in α-MEM supplemented with 10% FBS. The A549 cells were incubated in H-DMEM containing 1% penicillin–streptomycin and 10% FBS. All cells were maintained at 37 C in a humid atmosphere with 5% CO2.
Characterization of MSCs
The bright-field image of MSCs was obtained by a NIKON ECLIPSE Ti2 fluorescence microscope. The immunophenotype of MSCs was estimated by Beckman Coulter CytoFLEX flow cytometry (FACS). Briefly, the cells were collected and stained for 30 min at 4 C with FITC-labeled or PE-labeled monoclonal antibodies against CD73, CD90, CD44, CD105, CD45, and HLA-DR.
Derivation and Characterization of MSC Membranes
To generate MSC membranes, MSCs were harvested by scraping and cleaned twice with PBS by mild centrifugation at 700 g for 5 min. The cells were resuspended in a hypotonic buffer containing 10 mM Tris-HCl and 1 mM PMSF. The cell suspension was homogenized in an ice bath with a Dounce homogenizer for 10 min. Next, the solution was centrifuged at 4,000 g for 10 min, and the collected supernatant was recentrifuged at 20,000 g for 30 min. The obtained MSC membranes were once washed with PBS and suspended in PBS with PMSF for further use. The TEM image was performed using a Hitachi HC-1 microscope operated at 80 kV.
Preparation and Characterization of MSC Membrane-Coated BP/DACHPt Nanoparticles (BP/DACHPt-MSCM)
To synthesize biomimetic BP/DACHPt-MSCM nanoparticles, BP/DACHPt dispersed in PBS was mixed with MSC membranes in a mass ratio of 4:1. Notably, the concentration of MSC membranes was represented by that of the membrane protein measured with the BCA assay. After vortexing for 1 min, the mixture was sonicated for 5 min by a bath sonicator (frequency: 40 kHz, power: 100 W) to yield BP/DACHPt-MSCM nanoparticles.
TEM images were performed using an FEI Tecnai G2 Spirit microscope operated at 120 kV. The zeta potentials were determined using the NanoBrook 90PlusPALS phase analysis light scattering. Confocal microscopy images were obtained by a NIKON ECLIPSE Ti2 fluorescence microscope.
Stability Study of BP Formulations
To test the changes in the hydration particle size and UV–vis absorption during the degradation process of three BP formulations (BP NSs, BP/DACHPt, and BP/DACHPt-MSCM), these BP formulations with the same internal BP concentration were pre-dispersed in air-exposed water for different periods. At each time point, the hydration particle size of the samples was measured by using the NanoBrook 90PlusPALS phase analysis light scattering and the UV–vis absorption from 400 to 850 nm of the samples was measured by using the PerkinElmer LAMBDA 365 UV/Vis spectrophotometer. To acquire the TEM images of BP/DACHPt-MSCM after NIR irradiation, the BP/DACHPt-MSCM dispersed in DI water was irradiated with 808 nm NIR laser (power density: 1.0 W/cm2) for 10 min followed by dripping onto the surface of a copper grid and the TEM images were obtained using an FEI Tecnai G2 Spirit microscope operated at 120 kV. To test the photothermal stability of BP NSs, BP/DACHPt, and BP/DACHPt-MSCM, these three BP formulations having 30 μg/ml of BP were pre-dispersed in air-exposed water by stirring for different time durations (0, 12, 24, 48, and 72 h). At each time point, the photothermal conversion ability of the distinct BP formulations was tested by monitoring their temperature changes using a Fluke Ti450 infrared thermal imaging camera under Shanxi KaiSite KS-810F-8000 808-nm NIR laser irradiation (power: 1.0 W/cm2, duration: 10 min). The dispersity of BP NSs, BP/DACHPt, and BP/DACHPt-MSCM nanoparticles that had the same amount of BP was evaluated in DI water, PBS, and DMEM containing 10% FBS for 12 h at RT.
Cellular Uptake of Nanoparticles
The cellular uptake of nanoparticles was estimated by FACS using CytExpert software. Briefly, the bare or MSC membranes coated FITC-conjugated BP/DACHPt nanoparticles were incubated with the A549 cells for 1, 2, 3, or 4 h, respectively. In addition, for green fluorescent dye FITC loading, 1 mg/ml of BP/DACHPt was mixed with FITC (10 μg/ml) in NMP and then stirred at room temperature for 12 h. The excess unloading was washed away via rinsing with NMP and DI water. Then, the cells were washed thrice before collection and the fluorescence was estimated by FACS.
CCK-8 Assay
The Cell Counting Kit-8 (CCK-8) assay was used to quantify the antitumor effect of freshly prepared BP-based formulations by estimating the viability of A549 cells. The A549 cells (1 × 104 cells/well) were seeded into 96-well plates and cultured overnight. Then, the cells were cultured with BP, BP/DACHPt, or BP/DACHPt-MSCM (having internal BP concentration of 0, 1.875, 3.750, 7.500, 15.000, and 30.000 μg/ml) for 24 h without any irradiation. On the other hand, the A549 cells in the NIR irradiation group were incubated with the concentration of 0, 1.875, 3.750, 7.500, 15.000, and 30.000 μg/ml for 4 h followed by irradiating with 808 nm NIR laser (power density: 1.0 W/cm2) for 10 min. Then, the cells were cultured for another 8 h at 37 C. Last, the CCK-8 solution was added to each well and the absorbance was measured at 450 nm by a PerkinElmer VICTOR NivoTM Multimode Plate Reader.
To assess the effect of combined therapy of DACHPt and BP, we calculated the combination index (CI) (Chou 2010) with respect to experimental parameters (IC50) by using the formula CI = CDACHPt,50/IC50,DACHPt + CBP,50/IC50,BP. CDACHPt,50 and CBP,50 refer to the drug concentration of DACHPt and BP when 50% cell inhibition was induced in the combined group. IC50, DACHPt and IC50, BP are the drug concentrations resulting in 50% inhibition with a single DACHPt or BP. The concentration of DACHPt and BP in BP/DACHPt was calculated after quantifying their concentration of Pt and P elements by Thermoscientific inductively coupled plasma mass spectrometry. CI allows quantitative determination of drug interactions, where CI < 1, = 1, and >1 indicate synergism, additive effect, and antagonism, respectively.
Calcein-AM/PI Assay
The antitumor effect of freshly prepared BP formulations at a certain concentration was tested by the Calcein-AM/PI assay. Briefly, the A549 cells (1 × 104 cells/well) were seeded into 96-well plates and cultured overnight. Subsequently, the cells were incubated with BP, BP/DACHPt, or BP/DACHPt-MSCM (an internal BP concentration of 7.5 μg/ml) for 24 h without irradiation. On the other hand, the A549 cells in NIR irradiation group were incubated with the internal BP concentration of 15.0 μg/ml for 4 h followed by 808 nm NIR irradiation (power density: 1.0 W/cm2, duration: 10 min) and further incubated for another 8 h at 37 C. Afterward, to explore the antitumor effect, the cells were co-stained with Calcein-AM/PI by a NIKON ECLIPSE Ti2 fluorescence microscope.
RESULTS AND DISCUSSION
Synthesis and Characterization of BP NSs and BP/DACHPt
The morphology of BP NSs prepared by a liquid exfoliation method was observed by TEM and AFM. As shown in the TEM image (Figure 2A), BP NSs exhibited a nanosheet structure with the size of 100–400 nm. The topographic morphology of BP NSs was shown in AFM image (Figure 2B). The heights of three randomly selected BP NSs were 0.8–2.3 nm (Figure 2C), indicating that BP NSs had few layers. Next, to confirm the interaction between DACHPt and BP NSs, the structural changes in BP/DACHPt and BP NSs were tested by Raman spectroscopy. There were three characteristic peaks in the spectrum of BP/DACHPt, relating to the one out-of-plane mode Ag1 at 359.7 cm−1 and two in-plane modes of B2g at 436.9 cm−1 and Ag2 at 465.0 cm−1 (Figure 2D). In contrast to BP NSs, the Ag1, B2g, and Ag2 peaks of BP/DACHPt showed a red-shift of about 2.2 cm−1. This indicated that the Pt–P bonds suppressed the oscillation of surface P atoms decreasing the corresponding scattering energy. The Pt–P coordination was further evaluated by X-ray photoelectron spectroscopy (XPS), while BP NSs and DACHPt were used as controls. The P 2p core level spectrum of BP NSs showed three peaks, corresponding to P 2p3/2 at 129.58 eV and P 2p1/2 at 130.43 eV which were the characteristic peak of BP crystal (Ni, et al., 2018) (Figure 2E). In addition, the oxidized P species (PxOy) sub-bands is located at 133.98 eV, indicating the slight oxidation of BP NSs surface (Tao, et al., 2017). Accordingly, the P 2p peak at 129.60 eV of BP/DACHPt is attenuated whereas the peak at 133.8 eV is enhanced, which can be attributed to the formation of P5+ species via the coordination between DACHPt and P atoms on the surface of BP/DACHPt. Meanwhile, the Pt 4f signals of DACHPt and BP/DACHPt were also measured. DACHPt showed two characteristic Pt peaks (4f7/2 and 4f5/2) at 73.30 and 76.50 eV (Fojtů et al., 2017). Owing to the electron donation from Pt (II) metal center to P, this set of doublets in BP/DACHPt was shifted toward lower binding energies of 72.80 and 75.95 eV. All these results verified the successful coordination between DACHPt and BP NSs.
[image: Figure 2]FIGURE 2 | Characterization of BP NSs and BP/DACHPt. (A) Transmission electron microscopy (TEM) image of BP NSs. (B) Atomic force microscopy (AFM) image of BP NSs. (C) Height profiles of the three randomly chosen lines in B. (D) Raman spectra of BP/DACHPt and BP NSs. (E) HR-XPS spectra of P 2p and Pt 4f.
Characterization of MSCs and MSC Membranes
Considering that the real MSCs is the prerequisite for the extracted membranes to carry out expected functions, we evaluated the morphology and cell surface markers of chorionic villi-derived MSCs (CV-MSCs). In Figure 3A, CV-MSCs showed the characteristic fibroblast-like morphology as of MSCs. Furthermore, FACS analysis of phenotypic markers revealed that the cultured MSCs strongly (> 99%) expressed CD44, CD105, CD73, and CD90, while lacked expression (< 5%) of CD45 and HLA-DR surface molecules (Figure 3B). These results were in agreement with the recommendations of the MSCs by the International Society for Cellular Therapy (ISCT) (Dominici, et al., 2006), validating the reliability of MSCs source. Subsequently, MSC membranes were extracted by hypotonic treatment, followed by density gradient centrifugation. As showed in Figure 3C, the membranes exhibited a vesicle structure.
[image: Figure 3]FIGURE 3 | Characterization of MSCs and MSC membranes. (A) Bright-field microscopy image of MSCs. (B) Expression of MSCs cell surface markers. Histograms showing the expression of CD44, CD105, CD73, CD90, CD45, and HLA-DR. The black and red represent the MSC marker antibody and the corresponding control antibody staining, respectively. (C) TEM image of MSC membranes.
Synthesis and Characterization of BP/DACHPt-MSCM
To prepare the MSC membrane-coated BP/DACHPt nanoparticles, MSC membranes assembly on the surface of BP/DACHPt nanoparticle was driven by ultrasonication. As showed in Figure 4A, MSC membranes completely covered the BP/DACHPt nanoparticles forming a distinctive lemma. The zeta potential characterization (Figure 4B) showed that the surface charge of BP/DACHPt nanoparticles (−19.7 mV) was lower than that of BP (−28.5 mV), while after encapsulation, the surface charge of BP/DACHPt-MSCM (−36.1 mV) increased significantly, nearly equivalent to that of MSC membranes (−40.0 mV). This clearly demonstrated the successful development of BP/DACHPt-MSCM. For visual analysis of encapsulation, BP/DACHPt nanoparticles and MSC membranes were stained with FITC and DiD, respectively, and evaluated by fluorescence microscopy. As shown in Figure 4C, the green fluorescence of BP/DACHPt was almost completely overlapping with the red fluorescence of MSC membranes, indicating a high encapsulation rate of MSC membranes.
[image: Figure 4]FIGURE 4 | Characterization of biomimetic nanoparticles. (A) TEM image of BP/DACHPt-MSCM nanoparticles. (B) Zeta potential of BP NSs, BP/DACHPt nanoparticles, MSC membranes, and BP/DACHPt-MSCM nanoparticles. Data present mean ± s.d. (n = 3). (C) Confocal images of fluorescence-labeled BP/DACHPt-MSCM nanoparticles: (1) the green, (2) red, and (3) yellow are the fluorescence of encapsulated BP/DACHPt nanoparticles, MSC membranes, and merged fluorescence, respectively.
Stability Assessments of BP/DACHPt-MSCM Nanoparticles
To examine the effect of coordination with DACHPt and encapsulation with MSC membranes on the stability of BP NSs, the absorption of BP NSs, BP/DACHPt, and BP/DACHPt-MSCM solutions in air-exposed water were monitored at respective time points. At the beginning, the spectra of these three BP formulations exhibit broad absorption from UV to NIR regions (Pan, et al., 2020) (Figures 5A–C). With extended time, the absorbance of BP NSs in air-exposed water plummets (Figure 5A). After 24, 48, and 72 h of dispersion, the absorbance becomes only 80, 58 and 40%, respectively, of the original one (Figure 5D), suggesting that BP NSs rapidly and continuously degraded. In contrast, the absorbance of BP/DACHPt and BP/DACHPt-MSCM kept more stable (Figures 5B,C), with 62 and 78% retained even after 72 h, respectively (Figure 5D). Therefore, the stability in air-exposed water improved from BP, BP/DACHPt to BP/DACHPt-MSCM in sequence.
[image: Figure 5]FIGURE 5 | Enhanced stability of BP/DACHPt-MSCM nanoparticles. Absorption spectra of (A) BP NSs, (B) BP/DACHPt, and (C) BP/DACHPt-MSCM dispersed in air-exposed water for 0, 24, 48, and 72 h. (D) Average variation of the absorption ratios at 420, 440, and 460 nm (A/A0) of BP, BP/DACHPt, and BP/DACHPt-MSCM. (E) TEM image of BP/DACHPt-MSCM with NIR irradiation. Photothermal heating curves of (F) BP NSs, (G) BP/DACHPt, and (H) BP/DACHPt-MSCM dispersed in air-exposed water for 0, 12, 24, 48, and 72 h after laser irradiation for 10 min (808 nm, 1.0 W/cm2). (I) Diameter of three BP formulations (BP NSs, BP/DACHPt, and BP/DACHPt-MSCM) dispersed in air-exposed water at the beginning (0 h). (J) Changes in Diameter of three BP formulations dispersed in air-exposed water for 12, 24, 48, and 72 h. Images showing the dispersibility of (1) BP NSs, (2) BP/DACHPt, and (3) BP/DACHPt-MSCM in DI water, PBS, and DMEM cell culture medium at (K) 0 and (L) 12 h.
To study whether NIR irradiation destructed the surface morphology of BP/DACHPt-MSCM, the morphology of BP/DACHPt-MSCM after NIR irradiation was observed by TEM. As showed in Figure 5E, the membranes still completely covered the BP NSs, indicating that the BP/DACHPt-MSCM could be stable with no change in the surface morphology under NIR irradiation.
In consideration of the BP, formulations would undergo a period of blood circulation under physiological conditions before performing photothermal therapy, the temperature changes at respective time points of BP NSs, BP/DACHPt, and BP/DACHPt-MSCM solutions in air-exposed water after irradiating by 808 nm NIR laser (power density: 1.0 W/cm2, duration: 10 min) were recorded using an IR thermal camera. In the case of BP NSs, the temperature rose by 21.5°C after irradiation in the beginning of the dispersion, but only by 7°C at 12 h time point. After 72°h, irradiation barely raised the temperature, indicating the attenuation of photothermal performance along with BP NSs degradation (Figure 5F). In contrast, BP/DACHPt was more photothermally stable, allowing a temperature increase by 18.2°C after 12°h, but the temperature rise decreased markedly in the next three days, only 3.7°C after 72 h (Figure 5G). Interestingly, encapsulation with MSC membranes significantly improved the photothermal stability of BP/DACHPt, enabling the temperature increase by 19°C after 72 h (Figure 5H). Collectively, this dual protection of DACHPt coordination and MSC membrane coating significantly improved the photothermal stability of BP NSs.
To test the changes in the hydration particle size of BP NSs, BP/DACHPt, and BP/DACHPt-MSCM for 72°h, the hydration particle size of these three BP formulations in air-exposed water were measured at each time point. As shown in Figure 5I, the particle diameter of freshly prepared three BP formulations were about 205.6, 213.8, and 252.3°nm, respectively. With an extended time, the diameter of BP NSs increased continuously (Figure 5J). After 72 h of dispersion, the diameter increased by about 42.5°nm, suggesting that BP NSs markedly and continuously aggregated in air-exposed water. In contrast, the diameter of BP/DACHPt kept more stable, with increasing by about just 12.3 nm after 72°h, manifesting that the BP NSs was much more likely to aggregate than the BP/DACHPt in air-exposed DI water. For BP/DACHPt-MSCM, the increase of particle diameter was maintained below 7 nm within 72°h, especially after 48 and 72°h, the changes of particle diameter were less than those of BP/DACHPt, showing good stability of BP/DACHPt-MSCM in air-exposed water.
Next, we examined the dispersity of BP/DACHPt-MSCM nanoparticles after standing in DI water, PBS, and DMEM containing 10% FBS. As shown in Figures 5K,L, the three BP formulations (BP NSs, BP/DACHPt, and BP/DACHPt-MSCM) were all well dispersed in DI water within 12 h. Whereas in the salt solution, BP NSs and BP/DACHPt quickly aggregated, BP/DACHPt-MSCM remained homogeneous, which could be attributed to the stabilizing effect of glycans on the hydrophilic surface of biological membranes (Wu, et al., 2021). Moreover, we can see that in a DMEM cell culture medium containing 10% FBS, BP/DACHPt was much more likely to aggregate than BP NSs and the aggregation of BP/DACHPt-MSCM was more slowly than that of BP/DACHPt, indicating that membrane coating can inhibit BP/DACHPt aggregation in a DMEM cell culture medium containing 10% FBS. All these results indicated that the MSC membrane coating could significantly improve the dispersity of BP nanomaterials, which is profitable for its subsequent bio-effects.
Cellular Uptake Assessments of BP/DACHPt-MSCM Nanoparticles
Next, we examined the camouflage effect of MSC membranes on the cellular uptake of BP/DACHPt. For this, the nanoparticles were incubated with the A549 cells, and internalization was analyzed by flow cytometry. As shown in Figure 6A, after incubation for the same time (1, 2, 3, or 4 h), the amount of internalized BP/DACHPt-MSCM was higher than that of BP/DACHPt. Figure 6B showed the time-course of the mean fluorescence intensity of A549 cell after incubation with different nanoparticles. We can see that, within 4°h, the difference between BP/DACHPt and BP/DACHPt-MSCM became more evident with an increase in incubation time. It indicated that surface coating with MSC membranes greatly increased the cellular uptake of BP/DACHPt. This suggested that MSC membrane-based camouflage significantly improved the transduction efficiency of BP/DACHPt nanoparticles for specific targeting to the cancer cells.
[image: Figure 6]FIGURE 6 | Flow cytometry (FACS) analysis of BP/DACHPt-MSCM nanoparticles for tumor cell targeting. (A) Pseudocolor plot of A549 cells cultured with BP/DACHPt or BP/DACHPt-MSCM for 1, 2, 3, and 4 h. The A549 cells incubated with none nanoparticles were used as control. (B) Time-course of the mean fluorescence intensity of A549 cell after incubation with different nanoparticles. Data are presented as mean ± s.d. (n = 3).
Photothermal-Chemo Antitumor Efficacy of BP/DACHPt-MSCM
To assess the antitumor efficacy of BP/DACHPt-MSCM, we tested the toxic effects of BP NSs, BP/DACHPt, and BP/DACHPt-MSCM (with increasing concentration) against the A549 cells. The cytotoxicity of the nanoformulations without any NIR irradiation within 24 h was tested by the CCK-8 assay (Figure 7A). We found that the nanoparticles showed cytotoxicity against the A549 cells in a concentration manner. Notably, the cytotoxicity of BP/DACHPt was stronger than that of BP NSs at the concentration of 7.500, 15.000, and 30.000 μg/ml, demonstrating that the DACHPt was successfully released and exerted the chemotherapeutic effects. Interestingly, the cytotoxicity of BP/DACHPt-MSCM nanoparticles was the least among the three materials tested. This may be due to the coating of cell membranes interfered certain cytotoxic action of BP NSs.
[image: Figure 7]FIGURE 7 | Photothermal and chemotherapeutic effects of BP/DACHPt-MSCM. Cell viability of A549 cells cultured with BP NSs, BP/DACHPt, and BP/DACHPt-MSCM (A) for 24 h in the absence or (B) for 12 h in the presence of NIR irradiation. (C) Fluorescence images of the Calcein-AM (green, live cells) and PI (red, dead cells) co-stained A549 cells in the absence of NIR irradiation, following incubation with BP, BP/DACHPt, or BP/DACHPt-MSCM (having internal BP concentration of 7.5 μg/ml) for 24 h or in the presence of NIR irradiation, following incubation with these three BP formulations (having internal BP concentration of 15.0 μg/ml) for 12 h (data are presented as mean ± s.d., **p < 0.01, ***p < 0.001, ****p < 0.0001).
In addition, the cytotoxicity of these nanoformulations under laser irradiation was studied (Figure 7B). As expected, after 12 h of culture, the cell inhibition rate of BP/DACHPt-MSCM was the highest (∼98%; at 30.000 μg/ml), next was that of BP/DACHPt (∼69%; at 30.000 μg/ml), and that of BP NSs was relatively weak (∼48%; at 30.000 μg/ml). The results indicated that both coordination with DACHPt and encapsulation with MSC membranes could enhance the tumor cytotoxicity of BP formulations. To determine the drug interactions, we calculated the combination index (CI) with respect to experimental parameters (IC50). The CI of BP/DACHPt was 0.91, which was less than 1, confirming that the BP and DACHPt in BP/DACHPt have synergistic effects. Doubtlessly, the CI of BP/DACHPt-MSCM was less than 0.91, which was 0.46, showing that encapsulation with MSC could enhance the synergistic effect of BP/DACHPt. Notably, the IC50 values calculated from the CCK-8 assay were shown in Table 1. The concentration of BP/DACHPt was represented by that of BP in it and the mass ratio of DACHPt to BP in BP/DACHPt was 4:5.
TABLE 1 | IC50 (μg/ml) values on A549 cells after incubation with different drugs for 12 h.
[image: Table 1]Subsequently, the cytotoxicity of all the three nanoformulations was also investigated by the Calcein-AM/PI assay (Figure 7C). The results were consistent with prior findings, that is, BP/DACHPt showed a better chemotherapeutic effect without NIR irradiation than BP NSs and its toxicity was lowered after coating with membranes. For the NIR irradiation group, the tumor cell killing effects of BP NSs, BP/DACHPt, and BP/DACHPt-MSCM enhanced in turn. Overall, these results showed the excellent tumor-targeted photothermal-chemo efficacy of BP/DACHPt-MSCM, which could be attributed to the combination of chemotherapy and photothermal therapies, as well as the improved stability and cellular uptake.
CONCLUSION
In summary, we reported a biocompatible and tumor-targeting drug delivery system of MSC membranes coated BP NSs carrying the active species of oxaliplatin DACHPt. This system significantly improved the stability of BP NSs in air-exposed water by the dual protection of DACHPt coordination and MSC membrane coating. Moreover, the surface coating with MSC membranes effectively improved the dispersibility, tumor-targeting property, and photothermal-chemo tumor suppression of BP/DACHPt. We suggested that this strategy of drug-self-stabilization and functionalization with MSC membranes significantly improved the BP NSs applications in targeted photothermal-chemo cancer therapy.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS
GL conceived the idea and experimental project. JC and JQ carried out the synthesis, characterization, data analysis, and interpretation. XL assisted with the synthesis and characterization. YX and FH assisted with data analysis and interpretation. JC wrote the first draft of the manuscript. WD, GL, and JQ contributed to manuscript revision, read, and approved the submitted version.
FUNDING
We are grateful for the financial support from the Shenzhen Science and Technology Program (Grant No. KQTD20190929173853397), Science, Technology & Innovation Commission of Shenzhen Municipality (Grant No. JCYJ20180307154606793), and National Natural Science Foundation of China (Grant Nos. 81772449 and 81971081).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abate, Y., Akinwande, D., Gamage, S., Wang, H., Snure, M., Poudel, N., et al. (2018). Recent Progress on Stability and Passivation of Black Phosphorus. Adv. Mater. 30, e1704749. 1704749. doi:10.1002/adma.201704749
 Chou, T.-C. (2010). Drug Combination Studies and Their Synergy Quantification Using the Chou-Talalay Method. Cancer Res. 70 (2), 440–446. doi:10.1158/0008-5472.Can-09-1947
 Dominici, M., Le Blanc, K., Mueller, I., Slaper-Cortenbach, I., Marini, F. C., Krause, D. S., et al. (2006). Minimal Criteria for Defining Multipotent Mesenchymal Stromal Cells. The International Society for Cellular Therapy Position Statement. Cytotherapy 8 (4), 315–317. doi:10.1080/14653240600855905
 Fojtů, M., Chia, X., Sofer, Z., Masařík, M., and Pumera, M. (2017). Black Phosphorus Nanoparticles Potentiate the Anticancer Effect of Oxaliplatin in Ovarian Cancer Cell Line. Adv. Funct. Mater. 27 (36), 1701955. doi:10.1002/adfm.201770211
 Gao, C., Lin, Z., Jurado-Sánchez, B., Lin, X., Wu, Z., and He, Q. (2016a). Stem Cell Membrane-Coated Nanogels for Highly Efficient In Vivo Tumor Targeted Drug Delivery. Small 12 (30), 4056–4062. doi:10.1002/smll.201600624
 Gao, C., Lin, Z., Wu, Z., Lin, X., and He, Q. (2016b). Stem-Cell-Membrane Camouflaging on Near-Infrared Photoactivated Upconversion Nanoarchitectures for In Vivo Remote-Controlled Photodynamic Therapy. ACS Appl. Mater. Inter. 8 (50), 34252–34260. doi:10.1021/acsami.6b12865
 Gao, L., Teng, R., Zhang, S., Zhou, Y., Luo, M., Fang, Y., et al. (2020). Zinc Ion-Stabilized Aptamer-Targeted Black Phosphorus Nanosheets for Enhanced Photothermal/Chemotherapy against Prostate Cancer. Front. Bioeng. Biotechnol. 8, 769. doi:10.3389/fbioe.2020.00769
 Gao, W., Fang, R. H., Thamphiwatana, S., Luk, B. T., Li, J., Angsantikul, P., et al. (2015). Modulating Antibacterial Immunity via Bacterial Membrane-Coated Nanoparticles. Nano Lett. 15 (2), 1403–1409. doi:10.1021/nl504798g
 Hu, K., Xie, L., Zhang, Y., Hanyu, M., Yang, Z., Nagatsu, K., et al. (2020). Marriage of Black Phosphorus and Cu2+ as Effective Photothermal Agents for PET-Guided Combination Cancer Therapy. Nat. Commun. 11 (1), 2778. doi:10.1038/s41467-020-16513-0
 Huang, Y., Qiao, J., He, K., Bliznakov, S., Sutter, E., Chen, X., et al. (2016). Interaction of Black Phosphorus with Oxygen and Water. Chem. Mater. 28 (22), 8330–8339. doi:10.1021/acs.chemmater.6b03592
 Kusuma, G. D., Menicanin, D., Gronthos, S., Manuelpillai, U., Abumaree, M. H., Pertile, M. D., et al. (2015). Ectopic Bone Formation by Mesenchymal Stem Cells Derived from Human Term Placenta and the Decidua. PLoS One 10 (10), e0141246. doi:10.1371/journal.pone.0141246
 Liu, G., Tsai, H.-I., Zeng, X., Qi, J., Luo, M., Wang, X., et al. (2019). Black Phosphorus Nanosheets-Based Stable Drug Delivery System via Drug-Self-Stabilization for Combined Photothermal and Chemo Cancer Therapy. Chem. Eng. J. 375, 121917. doi:10.1016/j.cej.2019.121917
 Luo, M., Cheng, W., Zeng, X., Mei, L., Liu, G., and Deng, W. (2019). Folic Acid-Functionalized Black Phosphorus Quantum Dots for Targeted Chemo-Photothermal Combination Cancer Therapy. Pharmaceutics 11 (5), 242. doi:10.3390/pharmaceutics11050242
 Luo, M., Zhou, Y., Gao, N., Cheng, W., Wang, X., Cao, J., et al. (2020). Mesenchymal Stem Cells Transporting Black Phosphorus-Based Biocompatible Nanospheres: Active Trojan Horse for Enhanced Photothermal Cancer Therapy. Chem. Eng. J. 385, 123942. doi:10.1016/j.cej.2019.123942
 Mitchell, M. J., Billingsley, M. M., Haley, R. M., Wechsler, M. E., Peppas, N. A., and Langer, R. (2021). Engineering Precision Nanoparticles for Drug Delivery. Nat. Rev. Drug Discov. 20 (2), 101–124. doi:10.1038/s41573-020-0090-8
 Momin, E. N., Vela, G., Zaidi, H. A., and Quiñones-Hinojosa, A. (2010). The Oncogenic Potential of Mesenchymal Stem Cells in the Treatment of Cancer: Directions for Future Research. Curr. Immunol. Rev. 6 (2), 137–148. doi:10.2174/157339510791111718
 Ni, H., Liu, X., and Cheng, Q. (2018). A New Strategy for Air-Stable Black Phosphorus Reinforced PVA Nanocomposites. J. Mater. Chem. A. 6 (16), 7142–7147. doi:10.1039/C8TA00113H
 Noriega, D. C., Ardura, F., Hernández-Ramajo, R., Martín-Ferrero, M. Á., Sánchez-Lite, I., Toribio, B., et al. (2017). Intervertebral Disc Repair by Allogeneic Mesenchymal Bone Marrow Cells. Transplantation 101 (8), 1945–1951. doi:10.1097/tp.0000000000001484
 Ou, W., Byeon, J. H., Thapa, R. K., Ku, S. K., Yong, C. S., and Kim, J. O. (2018). Plug-and-Play Nanorization of Coarse Black Phosphorus for Targeted Chemo-Photoimmunotherapy of Colorectal Cancer. ACS Nano 12 (10), 10061–10074. doi:10.1021/acsnano.8b04658
 Pan, W., Dai, C., Li, Y., Yin, Y., Gong, L., Machuki, J. O. a., et al. (2020). PRP-chitosan Thermoresponsive Hydrogel Combined with Black Phosphorus Nanosheets as Injectable Biomaterial for Biotherapy and Phototherapy Treatment of Rheumatoid Arthritis. Biomaterials 239, 119851. doi:10.1016/j.biomaterials.2020.119851
 Qi, J., Xiong, Y., Cheng, K., Huang, Q., Cao, J., He, F., et al. (2021). Heterobifunctional PEG-Grafted Black Phosphorus Quantum Dots: "Three-In-One" Nano-Platforms for Mitochondria-Targeted Photothermal Cancer Therapy. Asian J. Pharm. Sci. 16, 222–235. doi:10.1016/j.ajps.2020.09.001
 Qu, G., Liu, W., Zhao, Y., Gao, J., Xia, T., Shi, J., et al. (2017). Improved Biocompatibility of Black Phosphorus Nanosheets by Chemical Modification. Angew. Chem. Int. Ed. 56 (46), 14488–14493. doi:10.1002/anie.201706228
 Ray, S. J. (2016). First-principles Study of MoS2, Phosphorene and Graphene Based Single Electron Transistor for Gas Sensing Applications. Sensors Actuators B: Chem. 222, 492–498. doi:10.1016/j.snb.2015.08.039
 Shao, J., Ruan, C., Xie, H., Li, Z., Wang, H., Chu, P. K., et al. (2018). Black-Phosphorus-Incorporated Hydrogel as a Sprayable and Biodegradable Photothermal Platform for Postsurgical Treatment of Cancer. Adv. Sci. 5 (5), 1700848. doi:10.1002/advs.201700848
 Tao, W., Zhu, X., Yu, X., Zeng, X., Xiao, Q., Zhang, X., et al. (2017). Black Phosphorus Nanosheets as a Robust Delivery Platform for Cancer Theranostics. Adv. Mater. 29 (1), 1603276. doi:10.1002/adma.201603276
 Tsumanuma, Y., Iwata, T., Kinoshita, A., Washio, K., Yoshida, T., Yamada, A., et al. (2016). Allogeneic Transplantation of Periodontal Ligament-Derived Multipotent Mesenchymal Stromal Cell Sheets in Canine Critical-Size Supra-alveolar Periodontal Defect Model. BioResearch Open Access 5 (1), 22–36. doi:10.1089/biores.2015.0043
 Wan, S., Zhang, B., Li, S., He, B., and Pu, Y. (2020). Combination of PEG-Decorated Black Phosphorus Nanosheets and Immunoadjuvant for Photoimmunotherapy of Melanoma. J. Mater. Chem. B 8 (14), 2805–2813. doi:10.1039/d0tb00434k
 Wang, D., Dong, H., Li, M., Cao, Y., Yang, F., Zhang, K., et al. (2018). Erythrocyte-Cancer Hybrid Membrane Camouflaged Hollow Copper Sulfide Nanoparticles for Prolonged Circulation Life and Homotypic-Targeting Photothermal/Chemotherapy of Melanoma. ACS Nano 12 (6), 5241–5252. doi:10.1021/acsnano.7b08355
 Wang, J., Zhang, H., Xiao, X., Liang, D., Liang, X., Mi, L., et al. (2020). Gold Nanobipyramid-Loaded Black Phosphorus Nanosheets for Plasmon-Enhanced Photodynamic and Photothermal Therapy of Deep-Seated Orthotopic Lung Tumors. Acta Biomater. 107, 260–271. doi:10.1016/j.actbio.2020.03.001
 Wu, P., Zhang, B., Ocansey, D. K. W., Xu, W., and Qian, H. (2021). Extracellular Vesicles: A Bright star of Nanomedicine. Biomaterials 269, 120467. doi:10.1016/j.biomaterials.2020.120467
 Xue, C., Sutrisno, L., Li, M., Zhu, W., Fei, Y., Liu, C., et al. (2021). Implantable Multifunctional Black Phosphorus Nanoformulation-Deposited Biodegradable Scaffold for Combinational Photothermal/Chemotherapy and Wound Healing. Biomaterials 269, 120623. doi:10.1016/j.biomaterials.2020.120623
 Zhang, T., Wan, Y., Xie, H., Mu, Y., Du, P., Wang, D., et al. (2018). Degradation Chemistry and Stabilization of Exfoliated Few-Layer Black Phosphorus in Water. J. Am. Chem. Soc. 140 (24), 7561–7567. doi:10.1021/jacs.8b02156
 Zhang, Y., Cai, K., Li, C., Guo, Q., Chen, Q., He, X., et al. (2018). Macrophage-Membrane-Coated Nanoparticles for Tumor-Targeted Chemotherapy. Nano Lett. 18 (3), 1908–1915. doi:10.1021/acs.nanolett.7b05263
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Cao, Qi, Lin, Xiong, He, Deng and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 16 November 2021
doi: 10.3389/fbioe.2021.749910


[image: image2]
A Bone-Targeting Enoxacin Delivery System to Eradicate Staphylococcus Aureus-Related Implantation Infections and Bone Loss
Cong Yao1†, Meisong Zhu1†, Xiuguo Han2†, Qiang Xu1, Min Dai1, Tao Nie1* and Xuqiang Liu1*
1Department of Orthopedics, The First Affiliated Hospital of Nanchang University, Artificial Joints Engineering and Technology Research Center of Jiangxi Province, Nanchang, China
2Department of Orthopaedics, Xinhua Hospital Affiliated to Shanghai Jiaotong University School of Medicine, Shanghai, China
Edited by:
Junqing Wang, School of Pharmaceutical Sciences (Shenzhen) Sun Yat-sen University, China
Reviewed by:
Chun Xu, The University of Queensland, Australia
Payam Zarrintaj, University of Montana, United States
Shuilin Wu, City University of Hong Kong, Hong Kong SAR, China
* Correspondence: Tao Nie, ncnietao@163.com; Xuqiang Liu, shliuxuqiang@163.com
†These authors have contributed equally to this work and share first authorship
Specialty section: This article was submitted to Biomaterials, a section of the journal Frontiers in Bioengineering and Biotechnology
Received: 30 July 2021
Accepted: 27 October 2021
Published: 16 November 2021
Citation: Yao C, Zhu M, Han X, Xu Q, Dai M, Nie T and Liu X (2021) A Bone-Targeting Enoxacin Delivery System to Eradicate Staphylococcus Aureus-Related Implantation Infections and Bone Loss. Front. Bioeng. Biotechnol. 9:749910. doi: 10.3389/fbioe.2021.749910

Post-operative infections in orthopaedic implants are severe complications that require urgent solutions. Although conventional antibiotics limit bacterial biofilm formation, they ignore the bone loss caused by osteoclast formation during post-operative orthopaedic implant-related infections. Fortunately, enoxacin exerts both antibacterial and osteoclast inhibitory effects, playing a role in limiting infection and preventing bone loss. However, enoxacin lacks specificity in bone tissue and low bioavailability-related adverse effects, which hinders translational practice. Here, we developed a nanosystem (Eno@MSN-D) based on enoxacin (Eno)-loaded mesoporous silica nanoparticles (MSN), decorated with the eight repeating sequences of aspartate (D-Asp8), and coated with polyethylene glycol The release results suggested that Eno@MSN-D exhibits a high sensitivity to acidic environment. Moreover, this Eno@MSN-D delivery nanosystem exhibited both antibacterial and anti-osteoclast properties in vitro. The cytotoxicity assay revealed no cytotoxicity at the low concentration (20 μg/ml) and Eno@MSN-D inhibited RANKL-induced osteoclast differentiation. Importantly, Eno@MSN-D allowed the targeted release of enoxacin in infected bone tissue. Bone morphometric analysis and histopathology assays demonstrated that Eno@MSN-D has antibacterial and antiosteoclastic effects in vivo, thereby preventing implant-related infections and bone loss. Overall, our study highlights the significance of novel biomaterials that offer new alternatives to treat and prevent orthopaedic Staphylococcus aureus-related implantation infections and bone loss.
Keywords: implant infection, enoxacin, aspartic acid octapeptide, mesoporous silica nanoparticles, bone-targeting
1 INTRODUCTION
Owing to the beneficial application of orthopaedic implants and improvement in treatments, patients affected by several orthopaedic diseases, including congenital malformations, acquired deformities, and osteoarthritis, as well as fractures can achieve satisfactory therapeutic effects. However, as a “double-edged sword”, the widespread use of implants is associated with new medical complications, and post-operative implant-related infections are an issue that needs to be addressed. The incidence of infection in orthopaedic surgery is approximately 5%, with post-operative infection rates of closed fractures making up 3.6–8.1%. In contrast, the incidence of open fracture is as high as 21.2% (Johnson et al., 2007). Antibiotics are still the primary treatment method for bone and joint infections; however, because of the limited penetration of antibiotics in bone tissues, sufficient blood concentrations cannot be achieved (Noukrati et al., 2016). Additionally, the lack of blood supply around the implant and the formation of bacterial biofilm (Lazzarini et al., 2004; Li et al., 2019), usually result in ineffective anti-infection treatments. This not only increases the duration of hospital stays and the total cost but also reduces the effectiveness of rehabilitation.
The pathogenesis of post-operative infections due to the presence of implants differs from that of general post-operative infections. The gap between the body tissue and the implant is a fibroinflammatory area where host immunity is suppressed, resistance is low, and bacteria can quickly colonise to form infections (Schierholz and Beuth, 2001). Besides, after bacterial invasion of the bone muscle system, due to intra-operative soft tissue injury and destruction of the blood supply, bacteria can colonise the proximities of the implants and form biofilms (Zhou et al., 2020). Bacterial biofilms limit antibiotic diffusion into the infected area, further reducing the concentration of antibiotics that can enter the infected area (Lynch and Abbanat, 2010; Buommino et al., 2014). Therefore, the efficient use of antibiotics is the key to limiting infections and inhibiting biofilm formation. Improving antibiotic treatment efficiency and increasing the concentration of drugs in bony tissues is particularly crucial for treating bone and joint infections. On the contrary, abnormal bone metabolism caused by bacterial erosion and bone destruction can activate a large number of osteoclasts, resulting in bone degradation and absorption (Dapunt et al., 2014; Oliveira et al., 2020). Simple anti-infection treatments of post-operative implant infections cannot eliminate the excessive osteoclast activation due to the inflammatory environment, which results in bone loss and bone destruction. The inhibition of osteoclast formation and bone resorption is an effective strategy to reduce bone loss and maintain long-term implant stability.
Enoxacin, a third-generation fluoroquinolone antibiotic, has a broad-spectrum and robust bactericidal effect. Additionally, enoxacin has an inhibitory effect on osteoclasts (Ostrov et al., 2009; Toro et al., 2012), and we previously reported that its mechanism is to occupy the ATP binding domain of the JNK protein, inhibit the phosphorylation of JNK, and activate the JNK/MAPKs signalling pathway (Liu et al., 2014). In terms of bacterial erosion of post-operative implant infections and the pathological state of a large number of osteoclasts activated in inflammatory environments, enoxacin exerts both antibacterial and anti-osteoclastic activities, making it an ideal drug candidate to prevent and treat post-operative implant-related infections. However, poor bioavailability due to its poor bone-targeting specificity and systemic toxicity (Nielsen and Low, 2020) limits enoxacin clinical applicability in treating orthopaedic implant-related post-operative infections.
In recent years, owing to their high specific surface area and large pore volume, mesoporous silica nanoparticles (MSNs) offer advantages that include excellent loading capability and biocompatibility, making them ideal candidates for drug delivery systems (Ravichandran et al., 2013; Zhou et al., 2015; Martínez-Carmona et al., 2018). Nevertheless, despite the promising applicability of MSNs for patients with post-operative infection related to orthopaedic endophytes, the lack of specific targeting to the infected bone tissue reduces the therapeutic effect of encapsulated antibiotics, simultaneously promoting drug resistance. Reportedly, eight repeating sequences of aspartate (D-Asp8) preferably bound to highly crystalline hydroxyapatite, and D-Asp8 could successfully bind to bone resorption surfaces to target osteoclasts (Liu et al., 2015). Based on these findings, to improve target specificity, we deployed MSNs as a carrier for the transport of enoxacin equipped with the bone-targeting D-Asp8 and coated with polyethylene glycol (PEG) to prevent premature release of enoxacin before reaching the target tissue. A bone-targeted delivery system containing enoxacin (Eno@MSN-D) was prepared for the targeted release of enoxacin in infected bone tissue. We hypothesised that Eno@MSN-D has antibacterial properties and can inhibit osteoclast activation, thereby preventing Staphylococcus aureus-related implantation infections and consequent bone loss.
2 MATERIALS AND METHODS
2.1 Materials
Hexadecyl trimethyl ammonium bromide (CTAB), tetraethyl orthosilicate (TEOS), silane-polyethylene glycol-carboxyl (Silane-PEG-COOH), MES buffer, aqueous ammonia, hydrochloric acid, ethanol, ethyl acetate, crystal violet solution, phosphate-buffered saline (PBS), 1-(3-dimethylaminopropyl)-3-ethyl carbodiimide hydrochloride (EDC), and N-hydroxy succinimide (NHS) were obtained from Sinopharm Chemical Reagent Co., China. Enoxacin was obtained from Sigma Aldrich, St. Louis, United States. Dialysis bags were obtained from UC Union Carbide, Danbury, United States. Staphylococcus aureus (ATCC25923), S. epidermidis (ATCC12228), and methicillin-resistant S. aureus (ATCC43300) were obtained from American Type Culture Collection, Manassas, VA, United States. Trypsin soy broth (TSB) and trypsin soybean agar plate was obtained from Shanghai Chengsheng Biotechnology Co., Ltd.
2.2 MSN Synthesis
MSN were synthesised as previously reported, with minor modifications (Lee et al., 2010). NaOH aqueous solution (2 M, 0.35 ml) was mixed with water (50 ml) containing CTAB (100 mg), and the solution was heated to 70°C while stirring. Thereafter, TEOS (0.5 ml) was introduced dropwise to the reaction mixture. After 3 min, ethyl acetate (0.5 ml) was added, and the mixture was stirred for 30 s, followed by an ageing procedure at 70°C for 2 h. The precipitate was collected by centrifugation and washed with ethanol. The collected products were extracted for 6 h using a solution of hydrochloric acid (HCl) in ethanol (10% v/v) at 78°C by refluxing to remove CTAB and obtain the MSNs.
For enoxacin loading, 50 mg of MSN was dispersed in 10 ml of methanol solution mixed with enoxacin (25 mg), and the mixture was shaken at 25°C for 4 h. The dispersion solution was then centrifuged at 10,000 rpm to collect the enoxacin-loaded MSN (Eno@MSN). Next, the Eno@MSN were washed with distilled water to remove enoxacin from the exterior surface.
2.3 Synthesis of Eno@MSN-D
Briefly, Eno@MSN was dispersed in 10 ml of water mixed with Silane-PEG-COOH (28 mg). Thereafter, 0.2 ml of aqueous ammonia was added to the mixture and stirred for the next 4 h. The dispersion solution was centrifuged at 10,000 rpm, and the nanoparticles were washed with water three times to obtain Eno@MSN-PEG. Next, 30 mg of Eno@MSN-PEG was dispersed in 5 ml of MES buffer, and then 5.0 mg of EDC and 3.8 mg of NHS were added to the solution. After the excitation reaction for 30 min, 5 mg of D-Asp8 moiety was added to the mixture and reacted for 2 h. Subsequently, the solution was then centrifuged at 10,000 rpm and washed with water three times to obtain Eno@MSN-D. Finally, to monitor the cellular uptake of Eno@MSN-D by confocal microscopy, the red fluorescent dye Cy7 was loaded into Eno@MSN-D for tracking and labelling. Figure 1 shows a scheme of Eno@MSN-D production and its mechanism.
[image: Figure 1]FIGURE 1 | Schematic diagram of the process flow for synthesising Eno@MSN-D nano slow-release particles based on mesoporous silica nanoparticles (MSN) and schematic diagram of the action mechanism of Eno@MSN-D nanoparticles.
2.4 Characterisation of Nanoparticles
Transmission electron microscopy (TEM) images were obtained using a JEM2010 instrument (JEOL, Tokyo, Japan) with an acceleration voltage of 200 kV to investigate the ultrastructure of drug-free MSN, Eno@MSN, and Eno@MSN-D. Nitrogen adsorption–desorption was measured using a Micromeritics porosity analyser (Micromeritics, Norcross, GA). For the surface area, pore volume was calculated using the Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH) analyses, respectively. Additionally, the hydrodynamic size of the samples was measured by dynamic light scattering (DLS) using a Zetasizer Nano instrument (Malvern Instruments, Malvern, United Kingdom) at 298 K. Finally, the thermal stability and composition of the solid samples were determined by TGA. TGA was performed on a TG 209F1 thermal analyser (NETZSCH, Germany) at a heating rate of 10°C/min in a continuously moving N2 atmosphere.
2.5 Drug Release Determination
The in vitro pH-sensitive enoxacin release pattern of Eno@MSN-D was evaluated in PBS of pH 7.4 and 6.0. The Eno@MSN-D dispersion solution was loaded in a dialysis bag with a molecular weight cut-off of 8 kDa. The dialysis bag was placed in 8 ml of PBS and gently shaken at 37°C. One millilitre of the supernatant was collected at predetermined time points, and the amount of drug released was determined using an ultraviolet spectrophotometer at λ = 232 nm. Thereafter, 1 ml of fresh PBS was added to the dialysate to maintain a constant volume.
2.6 Bacterial Strains and Cultures
Staphylococcus aureus (ATCC25923), S. epidermidis (ATCC12228), and methicillin-resistant S. aureus (ATCC43300) were stored on a TSA plate at −4°C. The three bacterial colonies in a centrifuge tube containing TSB were cultured overnight at 37 °C in an oscillator incubator at 150 rpm. Subsequently, the samples was centrifuged at 5000 rpm for 5 min. After centrifugation, the supernatant was discarded. TSB was used to adjust the bacterial precipitation concentration to 1 × 106 CFU/ml for storage.
2.7 Minimum Inhibitory Concentration
To each well of 96-well plates, 100 μL of ATCC25923, ATCC12228, and ATCC4330 bacteria cells (1 × 106 CFU/ml). Different concentration gradients of TSB (as the blank control), Eno, and Eno@MSN-D were separately added into the 96-well plates. After incubating at 37°C for 24 h, the bottom of the plate was closely inspected for biofilm formation. The lowest concentration without biofilm formation was determined as MIC, and it was determined using a microtiter plate dilution assay.
2.8 Determination of Bacterial Biofilm Formation
A crystal violet assay was performed using 96-well microtiter plates to observe the effects of Eno@MSN-D on bacterial biofilm formation. Briefly, ATCC25923 with a concentration of 1 × 106 CFU/ml were added to 96-well plates at 100 µl/well in triplicate and cultured for 24 h in 37°C. Then, each well of plates was added 100 μl of TSB (10 μg/ml), MSN (10 μg/ml), Eno (10 μg/ml), L-Eno@MSN (5 μg/ml), and H-Eno@MSN-D (10 μg/ml). Next, each well was washed with PBS three times and stained with 0.1% crystal violet solution. The plates were then incubated at room temperature for 15 min and then gently washed with PBS three times to remove excess crystal violet. Afterward, 33% of acetic acid was added to each well and placed in the incubator at 37°C for 30 min. The absorbance at 570 nm was determined using a microplate reader.
2.9 Morphological Characterisation of Bacteria and Bacterial Biofilm
The morphology of bacteria and the formation of biofilm were observed by SEM. ATCC25923 with a concentration of 1 × 106 CFU/ml was added to 12-well plates at 1ml/well in triplicate and cultured for 24 h in 37°C. TSB (10 μg/ml), MSN (10 μg/ml), and Eno@MSN-D (5, 10 μg/ml) were added to 12-well plates at the same time, and cover slides were placed in the wells. Next, the cover slides were gently washed with PBS and fixed in 2.5% glutaraldehyde for 12 h. After washing with PBS, the sample was dehydrated in an ethanol series (50, 60, 70, 80, 90, and 100%). After freeze-drying and gold-sputtering the samples, they were observed by SEM (SU8010, Hitachi, Japan).
2.10 Determination of Antibacterial Properties of Eno@MSN-D in vitro
The effects of Eno@MSN-D on bacterial biofilm were observed using a fluorescence inversion microscope system. ATCC25923 was diluted to 1 × 106 CFU/ml by TSB, and 1 ml was placed in a confocal Petri dish with a glass bottom and incubated at 37°C for 24 h. After incubation, the supernatant in the dish was removed, and the biofilm was treated with five or 10 μg/ml Eno@MSN-D. The control group included MSN (10 μg/ml) and TSB (10 μg/ml). The Petri dishes were then washed with aseptic PBS to remove loosely bound bacteria. Bacteria in the biofilm were stained with a LIVE/DEAD® BacLight bacterial viability kit (L7007) at room temperature for 15 min in the dark. The dye was cleaned with aseptic PBS, and the biofilm was observed using a fluorescence inversion microscope. Bacteria with intact and damaged cell membranes were obtained by scanning under excitation using the green (488 nm) and red (543 nm) channels, respectively.
2.11 Cell Viability and Osteoclast Differentiation Assay in vitro
To evaluate the cytotoxic effect of Eno@MSN-D, we used Cell Counting Kit-8 (CCK-8, Dojindo Molecular Technologies, Inc, Kumamoto, Japan) according to the manufacturer’s instructions. Briefly, bone marrow macrophages (BMMs) were added to 96-well plates at 8 × 103 cells/well in triplicate and cultured for 24 h in alpha modification of Eagle’s medium (α-MEM, Gaithersburg, MD, United States) containing 30 ng/ml macrophage colony-stimulating factor (M-CSF; PeproTech, Rocky Hill, NJ, United States), 10% foetal bovine serum (FBS; Gibco-BRL, Sydney, Australia), and 1% penicillin/streptomycin. BMMs were then separately treated with different concentrations of Eno@MSN-D (0, 0.625, 1.25, 2.5, 5, 10, 20, 40, 80 and 160 μg/ml) for 48 or 96 h. Next, 10 µL of CCK-8 substrate was added to each well, and the plate was incubated at 37°C under 5% CO2 for 2 h. The absorbance of sample in each well was measured at 450 nm using an ELX800 microplate reader (Bio-Tek Instruments Inc, Winooski, VT, United States).
BMMs were seeded in a 96-well plate at a density of 8 × 103 cells/well in α-MEM with 30 ng/ml M-CSF, 50 ng/ml RANKL (PeproTech, Rocky Hill, NJ, United States), and different concentrations of Eno@MSN-D (0, 2.5, 5, and 10 μg/ml). BMMs were supplemented with fresh medium every 2 days until mature osteoclasts were observed. Next, the cells were fixed with 4% paraformaldehyde and stained for tartrate-resistant acid phosphatase (TRAP; Sigma Aldrich, St. Louis, MO, United States) activity. The mature osteoclasts (TRAP-positive cells with ≥3 nuclei) were counted, and their spread area was measured.
2.12 Bone-Targeting Properties of Eno@MSN-D in vivo
All animal experiments were performed in the Department of Animal Experimental Sciences of Nanchang University, under the approval and guidance of the Animal Experimental Ethics Committee of the First Affiliated Hospital of Nanchang University. Targeting of common fluorescent MSN and fluorescent Eno@MSN-D was evaluated in Sprague–Dawley (SD) rats [Shanghai SLAC Laboratory Animal Co., Ltd (China)]. Eighteen 3-month-old female SD rats were divided into 3 groups: MSN control group, PEG-MSN group, and Eno@MSN-D experimental group. Six animals from each group were injected in the tail vein with identical doses of nanoparticles (50 mg/kg body weight). After injection, all animals had free access to food and water. The animals were euthanised after 4 and 72 h, and the main organs (heart, liver, spleen, lung, kidney, femur) were removed. A fluorescence imaging system was used to detect the fluorescence of each organ in each group.
2.13 Antibacterial Properties of Eno@MSN-D in vivo
Fifty specific pathogen-free grade 12-week-old female SD rats were used and randomly assigned to five independent groups. All animals were housed in clean plastic cages with a 12-h light/dark cycle and free access to fresh food and water. The rats in the five groups were anaesthetised by intraperitoneal injection with 10% chloral hydrate (4 ml/kg). After complete anaesthesia, the rats were placed in the supine position to remove hair from the left knee joint, subsequently sterilised with 75% ethanol. A 15-mm incision was made along the lateral end of the femur. Subcutaneous tissues and muscles of the lateral femoral condyle were incised, the joint capsule and lateral collateral ligaments were retained, and the femoral condyle was fully exposed. The bone marrow cavity of the femur was opened and expanded to a depth of 10 mm using an electric drill of diameter 1 mm. Subsequently, a 1-mm diameter titanium rod of length 10 mm was implanted. The ATCC25923 concentration was set to 1 × 106 CFU/ml, and 100 µl was injected into the bone marrow cavity. The hole in the femoral condyle was blocked with bone wax. A saline solution was used for flushing the wound, and a medical suture was used to close the wound. Berberine was then applied to the wound. In the Sham group, only the condyle of the femur was exposed before closing the incision. After the operation, the rats were resuscitated under a fan heater and put back in their cages. The rats were maintained in separate cages; they had free access to food and water.
In the first week post-operation, body temperature and weight were examined every day. After 1 week of observation, each experimental group was injected with different drugs. Group A: Sham group (normal saline); group B: NS group (normal saline); group C: MSN group (50 mg/kg body weight); group D: Eno group (4 mg/kg body weight); group E: Eno@MSN-D group (50 mg/kg body weight). Body weight and temperature were recorded every 3 days. The drugs were then intraperitoneally injected every day for a total of 4 weeks, and the animals were euthanised 4 weeks later. The femurs were separated from the skin and subcutaneous tissue under aseptic conditions. Soft tissues were removed, and the femurs were prepared for further experiments. All titanium rods were collected and processed for analysis.
Bacteria attached to the titanium rods were detected by SEM, fluorescence staining, plate colony counting method, and plasma coagulase test. After removing the titanium rods from the distal femur and washing with PBS, 5 bars of each group were randomly placed in 2.5% glutaraldehyde for 12 h. Subsequently, they were dehydrated with an ethanol series (50, 60, 70, 80, 90, and 100%). The samples were freeze-dried and gold-sputtered. The surfaces of the titanium rods were then observed by SEM. Five titanium rods were randomly selected and fixed for 12 h as described above. After washing with PBS, the rods were stained using the LIVE/DEAD ®BacLight bacterial viability kit (L7007) at room temperature for 15 min in the dark. They were then observed using a fluorescence inversion microscope. Meanwhile, the titanium rods were washed, placed in 1 ml of TSB, and ultrasonicated for 15 min. After a 10-fold dilution, 100 µl of suspension was evenly applied to a TSA plate and incubated at 37°C for 24 h. The CFU was calculated according to the colony count on the plates. Additionally, a plasma coagulase test was performed to determine whether the bacteria attached to the titanium rods were S. aureus. A single colony was picked from the TSA plate and suspended in 50 µl of PBS before adding 50 µl of rabbit plasma. The occurrence of agglutination indicated that the bacteria were S. aureus.
2.14 Micro-Computed Tomography
After euthanasia, the femur from the rats of each group was removed completely under sterile conditions. After removing the titanium rod, the femur was fixed with 4% paraformaldehyde for 2 days and washed with tap water for 24 h. The peripheral bone structure of the distal femoral implant was then evaluated 28 days after the injection of different drugs. The femurs were examined using a desktop micro-X-ray computed tomography system (micro-CT Skyscan1076, Aartselaar, Belgium) equipped with a 40 kV X-ray source and 12.60 µm camera pixel size. A reconstructed dataset with an image pixel size of 18.26 µm was generated via scanning. To determine the axial trabecular volume of interest, we selected a region of interest (ROI) of length 5.578 mm closest to the growth plate edge. Micro-CT images of the transverse, sagittal, and coronal sections of the area around the implants were obtained. Object volume, total VOI volume, bone evolution fraction, bone mineral density, trabecular thickness, trabecular spacing, and trabecular number were used as indices to measure trabecular bone mass and its distribution.
2.15 Histology and Histomorphometry
Bone histology was used to assess infection and bone structure changes around the distal femoral implants. The femurs of the rats were fixed with 4% paraformaldehyde at room temperature for 24 h. Subsequently, 10% of ethylenediamine tetra-acetic acid was fully decalcified and dehydrated with an ethanol series (50, 75, 80, 85, 90, 95, and 100%). The bone tissue, after transparent treatment in xylene, was embedded in paraffin. The sample was longitudinally cut into 5-μm-thick slices. After slicing, histological sections were prepared for TRAP and HE staining. The slices were observed with an optical microscope. Representative images were randomly obtained from the distal femur implanted with titanium rods. We used Image-Pro Plus 6.0 software (Media Cybernetics, MD, United States) to process the images of TRAP-stained sections and counted the number and determined the area of osteoclasts per field of view.
2.16 Statistical Analysis
IBM SPSS statistics 22 (SPSS Inc, United States) software was used for statistical analysis. The results are presented as mean ± SD. Experiments were conducted at least three times. One-way analysis of variance (ANOVA) with Bonferroni post hoc test was performed to determine group differences. Results with p < 0.05 were considered statistically significant.
3 RESULTS
3.1 Synthesis and Characterisation of Eno@MSN-D
The protocol for the preparation of Eno@MSN-D is shown in Figure 1. Nanoparticle mesoporous carriers were prepared using TEOS as a hydrolytic inorganic precursor and the surfactant CTAB as the poreogenic substance. Bare MSN was obtained by solvent extraction of surfactant removal and was then loaded with Eno by free diffusion. Subsequently, PEG was grafted onto silica surfaces and channels to act as a gatekeeper for drug delivery. Finally, Eno@MSN-PEG was constructed by fusing D-Asp8 to Eno@MSN-D.
From the TEM images (Figure 2A), we observed the size and morphological characteristics of the three nanoparticle types. MSN maintained a highly ordered mesoporous structure, which disappeared after enoxacin loading and PEG/D-Asp8 immobilisation, and the average particle size of Eno@MSN-D was also larger than that of MSN and Eno@MSN, consistent with the results obtained in the DLS analysis (Figure 2D). The average particle diameters of the MSN, Eno@MSN, and Eno@MSN-D were 113.9, 133.8, and 179.7 nm, respectively. Particle dispersion index (PDI) and zeta potential of the nanoparticles were obtained using the DLS analysis. The PDI of MSN, Eno@MSN, and Eno@MSN-D was 0.213, 0.272, and 0.202 nm and their zeta potential was −24.3, −22.4, and −19.3 mV, respectively.
[image: Figure 2]FIGURE 2 | (A) Typical TEM images of MSN, Eno@MSN, and Eno@MSN-D.(B). N2 adsorption−desorption isotherms curves of the MSN. (C) Pore size distribution curves of the MSN. (D) The dynamic light scattering (DLS) curves of MSN, Eno@MSN, and Eno@MSN-D. (E) TGA curves recorded for MSN, Eno@MSN, and Eno@MSN-D. (F) Accumulative release curve of Eno@MSN-D in different pH PBS (pH = 7.4, 6.0).
The nitrogen adsorption-desorption isotherm curves further exhibited the classical Langmuir type IV isotherm, indicating the presence of a mesoporous structure in the MSN (Figure 2B). Furthermore, the capillar condensation in the range of 0.8–1.0 refers to large pores and the adsorption branch was used for the analysis of the pore size distribution (Figure 2C). The specific surface area and pore size of MSN were 875.21 m2/g and 3.57 nm, respectively. In addition, Figure 2E shows the TGA curves of all nanoparticles, indicating that during analysis, the weight loss of MSN, Gen@MSN, and Eno@MSN-D was close to 7.71, 15.62, and 25.65%, respectively.
3.2 Drug Loading and Release in vitro
It is well known that controlled release performance is an indispensable key step for the expected nanoparticles. Under simulated physiology conditions (pH = 7.4) and acid microenvironment caused by implant infection (pH = 6.0), two different pH buffer solutions were simulated for pH-response release pattern. In Eno@MSN-D, burst release was not found after stirring for 150 min at pH 7.4, and approximately 40% of enoxacin was released (Figure 2F). Interestingly, when the pH was decreased from 7.4 to 6.0, the cumulative release of enoxacin increased to approximately 60% (Figure 2F).
3.3 Antibacterial Properties of Eno@MSN-D in vitro
As previously reported, the MIC values of enoxacin against S. aureus (ATCC25923), S. epidermidis (ATCC12228), and methicillin-resistant S. aureus (ATCC43300) were 2, 2, and 4 μg/ml, respectively (Nie et al., 2017). Here, the MIC values of Eno@MSN-D against ATCC25923, ATCC12228, and ATCC43300 were 4, 4, and 8 μg/ml, respectively.
ATCC25923 was co-cultured with different concentrations of Eno@MSN-D for 24 h, and the absorbance of the samples was measured by crystal violet staining to determine the amount of biofilm formation (Figure 3A). We established a TSB blank control group, TSB and bacteria (TSB + B) co-culture-positive control group, 10 μg/ml MSN and bacteria (MSN + B) co-culture-positive control group, 10 μg/ml enoxacin and bacteria (Eno + B) co-culture-positive group, low concentration of 5 μg/ml Eno@MSN-D and bacteria (L-Eno@MSN-D + B) co-culture-positive group, and high concentration of 10 μg/ml Eno@MSN-D and bacteria (H-Eno@MSN-D + B) co-culture-positive group. Our results showed that biofilm formation was significantly lower in the TSB groups than in the TSB + B groups. However, both Eno@MSN-D + B and Eno + B groups showed decreased biofilm formation after treatment. Compared to the group treated with L-Eno@MSN-D + B, superior antibacterial effects were observed in the H-Eno@MSN-D + B group. Additionally, the H-Eno@MSN-D + B groups showed superior effects compared with the Eno + B groups, and there was a significant difference between them (Figure 3C). This result indicates that the bacterial biofilm formation decreased with Eno@MSN-D concentration, which further proved that the synthesised Eno@MSN-D has an antibacterial effect.
[image: Figure 3]FIGURE 3 | (A–C) TSB (10 μg/ml), MSN (10 μg/ml), Eno (10 μg/ml), L-Eno@MSN (5 μg/ml), and H-Eno@MSN-D (10 μg/ml) were co-cultured with bacteria to form a biofilm, and then the absorbance was measured by crystal violet staining. (B) Determination of antimicrobial properties bacterial using the colony counting plate method. (D) The number of CFU after co-culture of ATCC25923 with Eno@MSN-D. (E) The number of CFU after co-culture of ATCC12228 with Eno@MSN-D. (F) The number of CFU after co-culture of ATCC43300 with Eno@MSN-D.
The antibacterial ability of Eno@MSN-D against each strain was verified using the bacterial colony counting plate method. ATCC25923, ATCC12228, and ATCC43300 were co-cultured with TSB, MSN, enoxacin, L-Eno@MSN-D, and H-Eno@MSN-D. Figures 3B,D–F shows no colony formation at the H-Eno@MSN-D concentration of 10 μg/ml. At the L-Eno@MSN-D concentration of 5 μg/ml, only a few colonies were formed in ATCC25923 and ATCC12228, while there were relatively more colonies in ATCC43300. However, many colonies were formed in the MSN and TSB groups. Interestingly, compared with the Eno group, the L-Eno@MSN-D group had a higher CFU number, whereas the H-Eno@MSN-D group showed fewer CFUs. In summary, Eno@MSN-D has apparent antibacterial effects.
We observed the surface of treated glass slides by SEM. Figure 4A shows that the integrity of some bacterial morphology was disrupted in the L-Eno@MSN-D and H-Eno@MSN-D groups. In the MSN and TSB groups, there was a significant adhesion between the bacteria, indicating the formation of biofilm. This observation also shows that Eno@MSN-D could destroy bacterial integrity, playing an antibacterial role, and inhibiting biofilm formation.
[image: Figure 4]FIGURE 4 | (A) SEM images of TSB (10 μg/ml), MSN (10 μg/ml), Eno (10 μg/ml), L-Eno@MSN (5 μg/ml), H-Eno@MSN-D (10 μg/ml), and bacteria co-cultured on cover slides. (B) The fluorescence inverted microscope images of TSB (10 μg/ml), MSN (10 μg/ml), Eno (10 μg/ml), L-Eno@MSN (5 μg/ml), H-Eno@MSN-D (10 μg/ml), and bacteria co-cultured on confocal Petri dishes.
Live and dead bacteria were marked by green and red fluorescence, respectively. From the fluorescence inverted microscope pictures (Figure 4B), it is evident that with increasing drug concentrations of Eno@MSN-D, the red fluorescence of dead bacteria gradually increased. In contrast, the corresponding green fluorescence gradually weakened.
3.4 Eno@MSN-D Suppressed RANKL-Induced OC Differentiation Without Any Cytotoxicity in vitro
Previously, we reported that enoxacin could inhibit osteoclast differentiation and function (Liu et al., 2014). However, the effect of Eno@MSN-D on the formation of osteoclasts needs to be explored. BMMs were stimulated with M-CSF and RANKL in the presence of different concentrations of Eno@MSN-D (0, 2.5, 5, and 10 μg/ml). Interestingly, the BMMs treated with Eno@MSN-D showed a significant concentration-dependent decrease in mature osteoclast formation (Figures 5C–E). Additionally, to determine whether the inhibitory effects of Eno@MSN-D were due to cytotoxicity, we used the CCK-8 assay to measure the effect of Eno@MSN-D on BMM proliferation and survival. Our data show that cell viability will not be significantly affected when the concentration is lower than 20 μg/ml Eno@MSN-D (Figures 5A,B).
[image: Figure 5]FIGURE 5 | (A,B) BMMs were plated in 96-well plates and stimulated with M-CSF (30 ng/ml) and different concentrations of Eno@MSN-D (0–160 μg/ml) for 48 or 96 h. Cell viability was measured using the CCK-8 assay. (C) Bone marrow macrophages (BMMs) were treated with various concentrations of Eno@MSN-D (0, 2.5, 5, and 10 μg/ml) followed by M-CSF and RANKL stimulation for 5 days. The cells were then fixed with 4% paraformaldehyde and subjected to tartrate-resistant acid phosphatase (TRAP) staining. (D,E) The number and spread area of TRAP-positive multinuclear cells were determined.
3.5 Bone-Targeting Properties of Eno@MSN-D in vivo
As shown in Figure 6, after 4 h, the fluorescence signals of the different organs in the MSN, PEG-MSN, and Eno@MSN-D group were almost the same. The MSN group was metabolised cleanly by the liver and kidney. However, the PEG-MSN and Eno@MSN-D group had a strong liver and kidney fluorescence signal after 72 h. More importantly, only the Eno@MSN-D group showed stronger fluorescence signals in the femur after 72 h, indicating that Eno@MSN-D also accumulated in the femur and exhibited bone-targeting abilities in vivo.
[image: Figure 6]FIGURE 6 | In vivo targeted fluorescence experiment: fluorescence diagrams of various organs 4 and 72 h after the injection of MSN, PEG-MSN, and Eno@MSN-D nanoparticles.
3.6 Antibacterial Properties of the Eno@MSN-D in vivo
We determined the animal model infection by measuring the rats’ body temperature and weight over 5 weeks post-operation. As shown in Figures 7A,B, the bodyweight of rats in each group gradually decreased within 1 week after the operation, whereas the body temperature gradually increased. One week later, rat bodyweight began to increase in each group, whereas the Sham group body temperature began to decrease. However, the body temperature of the experimental groups did not change. There was no significant difference in body weight between the experimental and Sham groups (p > 0.05), but the body temperature differed between the experimental and Sham groups (p < 0.0001).
[image: Figure 7]FIGURE 7 | (A) Curve of body temperature change in rats. (B) Curve of body weight change in rats. (C) Plate colony count after ultrasonic concussion of bacteria on the surface of a titanium rod. (D) Statistical chart of plate colony count after the ultrasound treatment.
Regarding the plate colony count of titanium rods after the ultrasound treatment, although colony number in the Eno@MSN-D group significantly differed from that in the Eno group, colony numbers between the MSN and NS groups was not significant (Figures 7C,D). The titanium rods were fixed with glutaraldehyde, dehydrated with ethanol, gold plated, and observed by SEM. As shown in Figure 8A, compared with other groups, including the NS, MSN, and Eno groups, the bacterial biofilm on the surface of the Eno@MSN-D injection titanium rod was loose, with large gaps in the biofilm. Furthermore, in the other groups, the titanium rod surface was not significantly different, and the biofilms on the surface of the other groups were more closely connected than that in the Eno@MSN-D group. We used the living/dead bacterial staining method to observe the bacterial biofilm on the titanium rod surface under an inverted fluorescence microscope. Figure 8B shows that the red fluorescence signal in the Eno@MSN-D group was more intense than that in the MSN, NS, and Eno groups. There was no significant difference in red fluorescence among the Eno, MSN, and NS groups, which shows that the Eno@MSN-D group was more substantial than other groups in terms of antibacterial performance in vivo.
[image: Figure 8]FIGURE 8 | (A) SEM images of biofilm on the surface of the titanium rod. (B) The live dead bacterial staining of the biofilm on the surface of the titanium rod was observed under an inverted microscope.
3.7 Bone Morphometry Assay
We used micro-CT to obtain two- and three-dimensional images from the femur. We also acquired coronal, sagittal, and transverse images of the two-dimensional images and the overall, longitudinal, and transverse three-dimensional images (Figure 9A). Compared with those in the Sham control group, the femur morphologies in the four experimental groups changed significantly, and osteolysis of different degrees was observed in all four groups. However, compared with the NS and MSN groups, there was evident bone formation around the titanium rod pores in the Eno@MSN-D and Eno groups. Besides, no significant difference was observed between the NS and MSN groups. By performing parameter analysis on the bone structure of the ROI and using the one-way variance analysis, we obtained some quantitative statistical graphs of the bone parameters (Figures 9B–E). The bone volume fraction (BV/TV), trabecular number (Tb.N), and trabecular thickness (Tb.Th) were higher in the Eno@MSN-D and Eno groups than in the NS group, and the Eno@MSN-D group is superior to the Eno group. However, trabecular bone separation (Tb.Sp) was considerably lower in both Eno@MSN-D and Eno groups than in the NS group. Based on the BV/TV, Tb.N, Tb.Th, and Tb. Sp, no noticeable difference was observed between the NS and MSN groups (p > 0.05). Overall, these results indicate that both Eno-@MSN-D and Eno groups effectively prevented osteolysis in vivo. Of note, the Eno-@MSN-D group was more effective than the Eno group.
[image: Figure 9]FIGURE 9 | (A) Coronal, sagittal, and transverse two-dimensional micro-CT and integral, longitudinal, transverse three-dimensional micro-CT images of the femur. (B–E) Statistic diagram of bone volume fraction, number of bone trabeculae, trabecular bone thickness, and trabecular bone separation.
3.8 Histopathology
Figures 10A,B shows the longitudinal decalcified sections of different groups. The morphological changes in the left femur were detected by HE staining, and the osteoclasts around the pores of the titanium rod were detected by TRAP staining. Figure 10A shows more extensive bone cortex destruction and more abundant bone tissue death in the NS and MSN groups. Although there were signs of intramedullary inflammation in all four experimental groups, these were more severe in the MSN and NS groups. As shown in Figure 10B, the number of osteoclasts around the titanium rod pores was less in the Eno@MSN-D and Eno groups that in the NS group. Moreover, the number and area of osteoclasts in each group were measured, and quantitative analysis was performed (Figure 10C,D). Noteworthy, compared with the NS group, the number and area of osteoclasts in the Eno@MSN-D group and the ENO group were relatively fewer. Furthermore, the number and area of osteoclasts in the Eno@MSN-D group were lower than those in the ENO group.
[image: Figure 10]FIGURE 10 | (A) The representative images of HE staining of the middle part of the femur. Yellow arrows indicate dimensional intracortical abscesses or inflammatory cells. (B) The representative images of TRAP staining of the middle part of the femur. Black arrows represent osteoclasts. (C) Statistical graph of the number of osteoclasts in each field of view. (D) Statistical graph of the area of osteoclasts in each field of view. All scale bars = 200 μm.
4 DISCUSSION
MSNs have been widely used in nanomedicine because they can be functionalised with chemical groups delivered to specific target sites to alter external organ organisation to accommodate specific target tissues (Chaudhary et al., 2019). However, despite these advances, challenges remain in effectively and sustainably controlling local bone drug release, calibrating the long-term stability and activity of drugs, while minimising cytotoxicity (Campoccia et al., 2010; Bagherifard, 2017). Regarding orthopaedic implant-related infections, nanoparticles are a promising strategy for overcoming biofilm formation and drug resistance (Russo et al., 2017).
In our study, we loaded enoxacin into MSN and coated the nanoparticles with PEG, which is phagocytised by macrophages. Simultaneously, bone-targeting D-Asp8 was connected to the nanoparticles to achieve targeted drug release in the bone tissue (Fu et al., 2014; Chen et al., 2018). Generally, bone adsorption molecules, such as bone-targeting ligands, are coupled to nano-carrier surfaces. The nano-carriers can chelate HA to achieve local drug deposition in bone tissue. After administration, a strong interaction between the bone-targeted ligands and HA leads to rapid retention and accumulation of the nano-carriers in the bone tissue. Therefore, this approach reduces drug leakage in the circulation and ensures highly localised antibiotic concentration (Swami et al., 2014). From the fluorescence signals in rats (Figure 6), it is evident that we successfully synthesised Eno@MSN-D nanoparticles that have excellent bone-targeting properties. Our data showed that the present MSNs had ultra-high specific surface areas and suitable pore sizes for enoxacin loading. During synthesis, the average particle size increased from MSN to Eno@MSN-D. The increase in particle size can be attributed to the loading of drugs inside or outside the pores of the monodisperse silica nanoparticles. The results are in accordance with those of a previous study (Wang et al., 2008), showing that the synthesised carrier size must be larger than that of the pure carrier material when the drugs and polymers are mixed with mesoporous silica nanoparticles.
The PDI reflects particle size uniformity, which is an important index for particle size characterisation. Within a specific distribution range, the smaller the distribution coefficient, the more uniform the particle size (Masarudin et al., 2015). Our data shows that the PDI of the synthesised Eno@MSN-D is the smallest compared with that of MSN and Eno@MSN, and therefore, it has a uniform particle size. The zeta potential of the carrier material can reflect the system’s stability, and it has an important influence on the release and circulation of body fluids. The carrier material stability in the surrounding fluid is an important index to overcome aggregate formation in the nano-drug delivery system (Wang et al., 2008). The higher the zeta potential (positive or negative) of the particles, the more stable the system is against aggregation (Yang et al., 2018). Our results show that the zeta potential of the synthesised Eno@MSN-D is −19.3 mVV, which is the smallest value; therefore, it has good dispersion properties. Besides, the TGA curves (Figure 2E) showed that the weight loss of Eno@MSN was higher than that of MSN, which indicated that enoxacin was loaded on MSN. In addition, the weight loss of Eno@MSN-D was higher than that of MSN and Eno@MSN; this was due to the loading of the enoxacin and the immobilisation of PEG and D-Asp8 on the surface of the nanoparticles. From the in vitro drug release curves of Eno@MSN-D in different pH response release patterns (Figure 2F), we determined two main causes of the phenomenon. Firstly, bacterial infections generally feature very low pH values due to their hypoxic nature (Benoit and Koo, 2016). The acidic environment of bacterial infectious sites can be harnessed in the design of pH sensitive drug delivery systems (Gupta et al., 2019). Moreover, via protonation at acidic pH, these properties result in greater drug release due to electrostatic repulsion within the nanocarriers (Radovic-Moreno et al., 2012; Zhu and Chen, 2015). These nanoparticles prevent non-specific interaction at physiological pH 7.4, thereby increasing the therapeutic activity with declining pH (Gupta et al., 2019). Secondly, it is due to the enoxacin molecular structure, as studies have reported that enoxacin is least water soluble at neutral pH and highest at acidic pH (Bedard and Bryan, 1989).
From the crystal violet staining, bacterial colony counting plate method unveiled the integrity of some bacterial morphology by SEM and live/dead bacterial staining, and a series of in vitro experiments showed that Eno@MSN-D has good antibacterial properties. From the treatment with Eno@MSN-D in vivo, it is apparent that the monodisperse silica microspheres were biocompatible with low toxicity, lacked immunogenicity, and degraded into non-toxic compounds (mainly silicic acid) in a short period (Lu et al., 2010). Additionally, our data show that Eno@MSN-D can inhibit osteoclast formation and function when the concentration is lower than the safe concentration of 20 μg/ml Eno@MSN-D.
The successful establishment of a rat infection model is the key to our confirmation that Eno@MSN-D has antibacterial properties in vivo. From SEM (Figure 8A), live/dead bacterial staining (Figure 8B), and bacterial colony plate count on the surface of femoral titanium rods (Figure 7C), we observed that Eno@MSN-D has antibacterial effect. In the quantitative bacterial colony plate count graphs (Figure 7D), the difference between the Eno@MSN-D and Eno groups as significant, which indirectly indicates that Eno@MSN-D had a better therapeutic effect. Similarly, we observed that, although there was no significant difference between the MSN and NS groups, the colony number in the MSN group was slightly lower; however, this was related to the antibacterial properties of the MSN. The inherent antibacterial activity of the nanoparticles was due to one of the three mechanisms: oxidative stress induction, metal ion release, or non-oxidative stress mechanism (Wang et al., 2017).
In the two- and three-dimensional rat femur images (Figure 9A), we observed the osteolysis phenomenon in the experimental group, which also confirmed the success of the rat bone infection model. Based on our data (Figures 9B–D), we found that the BV/TV, Tb.N, Tb.Th, and Tb. Sp were significantly different between the Eno@MSN-D and Eno groups, which indicated that Eno@MSN-D does play a role in preventing osteolysis in vivo. Of note, the Eno-@MSN-D group was more effective than the Eno group.
Bioactive silicon-based nanoparticles reportedly promote the differentiation and mineralisation of osteoblasts (Ha et al., 2014). Additionally, silicon ions released from MSNs have been shown to promote the formation of mineralised nodules, the synthesis of COL1, and the expression of osteogenic genes in osteoblasts (Sun et al., 2009). These observations suggest that MSN plays a role in osteogenesis, and thus may prevent osteolysis. Nevertheless, there was no significant difference in bone parameters between the MSN and NS groups, which indicates that the osteogenic capacity of MSN is still limited, and thus enoxacin still plays a significant role. Besides, the Eno@MSN-D had better osteogenesis abilities to prevent osteolysis, which is consistent with the histomorphological femoral HE (Figure 10A). The number and area of osteoclasts (Figures 10B–D) in the Eno@MSN-D and Eno groups were smaller than those in the NS groups. Furthermore, the Eno@MSN-D and EN groups significantly differed in terms of osteoclast number and area. Therefore, the Eno@MSN-D group could be more effective than the Eno group to prevent osteolysis.
The in vitro and in vivo studies of most nanoparticle-based sustained-release systems show that these materials show better antibacterial and antibiofilm activities, which is mainly related to reducing bacterial adhesion to grafts, higher effectiveness in drug-resistant strains, and/or controlling the antibiotic release. By obtaining sustained-release performance (Zhang et al., 2017; Liu et al., 2018; Zhang et al., 2019), we can achieve better local antibiotic concentrations and prolong the contact time between antibiotics and bacteria, which is essential for removing biofilms. Additionally, carriers offer advantages in terms of therapeutic drug release kinetics, ease of manufacture, biodegradability, chemical binding relative to physical binding, and excellent transport characteristics. Thus, these biomaterials will play a more critical role in medical diagnosis and treatment processes.
5 CONCLUSION
Bacterial colonisation and biofilm formation are issues in post-implantation infections with S. aureus. Although conventional antibiotics limit the formation of bacterial biofilms, they ignore the fact that bacterial biofilms restrict the spread of antibiotics to the infected area, further lowering the concentration of antibiotics available to the infected area, as well as bone loss caused by osteoclast formation following orthopaedic implant-associated infections. Despite the dual antibacterial and osteoclast-inhibiting effects of enoxacin, it has limited penetration into bone tissue to achieve adequate blood levels. Fortunately, MSN has been used for the intracellular delivery of antibiotic targets against intracellular infections and bone loss over the last few decades. In this study, we successfully prepared and characterised Eno@MSN-D nanoparticles-based on MSN. Our data show that the synthesised Eno@MSN-D is a safe drug delivery system that enables sustained-release of specific antibiotics to target S. aureus-related post-operative implantation infections. Eno@MSN-D not only has excellent antibacterial properties and osteoclast inhibitory properties in vitro but also allows the specific targeting of bone tissues to prevent bone loss in vivo. Therefore, this method provides a new way to treat and prevent post-operative, orthopaedic S. aureus-related implantation infections and bone loss.
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In consideration of improving the interface problems of poly-L-lactic acid (PLLA) that hindered biomedical use, surface coatings have been explored as an appealing strategy in establishing a multi-functional coating for osteogenesis. Though the layer-by-layer (LBL) coating developed, a few studies have applied double-crosslinked hydrogels in this technique. In this research, we established a bilayer coating with double-crosslinked hydrogels [alginate–gelatin methacrylate (GelMA)] containing bone morphogenic protein (BMP)-2 [alginate-GelMA/hydroxyapatite (HA)/BMP-2], which displayed great biocompatibility and osteogenesis. The characterization of the coating showed improved properties and enhanced wettability of the native PLLA. To evaluate the biosafety and inductive ability of osteogenesis, the behavior (viability, adherence, and proliferation) and morphology of human bone mesenchymal stem cells (hBMSCs) on the bilayer coatings were tested by multiple exams. The satisfactory function of osteogenesis was verified in bilayer coatings. We found the best ratios between GelMA and alginate for biological applications. The Alg70-Gel30 and Alg50-Gel50 groups facilitated the osteogenic transformation of hBMSCs. In brief, alginate-GelMA/HA/BMP-2 could increase the hBMSCs’ early transformation of osteoblast lineage and promote the osteogenesis of bone defect, especially the outer hydrogel layer such as Alg70-Gel30 and Alg50-Gel50.
Keywords: hydrogel coating, gelatin methacrylate (GelMA), alginate, double crosslink, mesenchymal stem cells
INTRODUCTION
The treatment of bone defects still needs further exploration because of the unsatisfactory clinical outcome. With the increased understanding of tissue engineering and degeneration, polymeric material grafts have been tailored highly biocompatible and widely available so as to reduce rehabilitation time (Rai et al., 2016; Sobolev et al., 2019). Among them, poly-L-lactic acid (PLLA), one of the most applied bioresorbable polymers, opens up a great deal of possibilities in bone substitutes. However, the acidic degradation products released from PLLA may cause an aseptic inflammatory response in bone repair microenvironment and impede bone healing (Kaito et al., 2005). Kandziora et al. (2004) used a fusion cage made of PLLA to treat cervical and lumbar spine diseases. During follow-up, osteolysis occurred around the fusion cage, which is predictive of bone non-union. In order to overcome the shortcoming, several strategies have been designed to modify PLLA, especially the interface between PLLA and adjacent tissues. Based on the potential application in bone engineering, PLLA is usually combined with apatite ceramics, such as hydroxyapatite or tricalcium phosphate, to improve this polymer’s property. The strengthened osteoconductivity and better bone-binding ability provide the conditions for bone regeneration. In vitro experiments showed that the hydrophilicity of the PLLA increased and the cell attachment and proliferation enhanced as well (Szustakiewicz et al., 2021; Tan et al., 2021). All this is possible thanks to the component and microstructural similarity between the apatite ceramics and native bone.
Apatite ceramics can also be doped onto the interface of PLLA, which is called biomineralization. It means inorganic crystal, such as hydroxyapatite (HA), is induced to wrap the organic materials. Simulated body fluid (SBF) is widely applied to develop hydroxyapatite coating over PLLA. However, the interface bonding force between HA and PLLA is relatively poor and may last for several weeks. In order to form a negative charge to bind constituents of HA, the surface of PLLA is always pretreated for hydrolysis of carboxyl group. Therefore, polydopamine coating inspired by mussels’ adhesive mechanism has been introduced as the medium to “fix” HA (Lee, Dellatore, Miller, & Messersmith, 2007). The polydopamine coating is tightly bound to the material surface by the exhaustively repeated 3,4-dihydroxy-L-phenylalanine-lysine motif and is easy to administer in alkaline solutions of dopamine. On the other hand, nanoclusters of HA can be secondarily “grown” on polydopamine films (Tsai et al., 2011), and subsequent studies have further increased the generation rate of HA (Tas and Bhaduri, 2004). Chen et al. (2019) used polydopamine (PDA) to biomineralize electrospinning PLLA fibrous membrane, which was excellent for bone tissue repair. A previous study revealed that an organic–inorganic hybrid coating is able to reduce cytotoxicity and improve cell viability, thus prolonging the time of osteogenesis (Li et al., 2016). Hsu et al. (2020) reported that the composition of chlorine-substituted hydroxyapatite/polydopamine on a titanium-64 surface strengthened the osteointegration in vivo. Nevertheless, even loose inorganic structures are still unsatisfactory for controlled release of growth factors that induce bone formation.
Except for good biocompatibility and mimicking natural extracellular matrices, hydrogel was found to be the superior carrier for growth factors (Liang et al., 2020). Alginate, a natural polymer, includes (1-4)-linked b-D-mannuronic acid and a-L-guluronic acid with good biocompatibility (Drury et al., 2004; Ahn et al., 2021). With the participation of divalent cations (e.g., Ca2+), rapid ionic crosslinking can be achieved in sodium alginate (Ahn et al., 2021). Sodium alginate has been approved by the U.S. Food and Drug Administration (FDA) for medical use, because there is no toxic medium in the sodium alginate gel preparation process (Wang et al., 2020). However, the lack of stem cell adhesion and the uncontrolled degradative kinetics must be addressed (Nair et al., 2020). These defects hampered the proliferation and functionality of the encapsulated cells. Many binding motifs and polymers have been studied, such as matrix metalloproteinase (MMP)-sensitive degradation sequences and collagen, to adjust the compliance with the extracellular matrix (ECM) (Kraehenbuehl et al., 2008; Gregurec et al., 2016). Additionally, a layer-by-layer assembly of chitosan and alginate was applied to modify surface chemistry and expedite the adhesion of human umbilical vein endothelial cells (Silva, Garcia, Reis, Garcia, & Mano, 2017).
Studies have illustrated that modified alginate hydrogels can act as a desired “soil” for the target cells to proliferate and differentiate to the expected phenotypes (Silva et al., 2017; Simo, Fernandez-Fernandez, Vila-Crespo, Ruiperez, & Rodriguez-Nogales, 2017). The gelatin–alginate coating is capable to withstand cyclic compression and even retain proteins entrapped in hydrogel (Pacelli, Basu, Berkland, Wang, & Paul, 2018). Gelatin methacrylate (GelMA), a newly developed photo-crosslinkable hydrogel, has been applied in wound healing and controlled drug release and as a cell culture substrate. For example, Chen et al. (2021) grafted GelMA hydrogel on the surface of expanded nanofiber scaffolds and photo-crosslinked the hydrogel to fit invasive surgery such as laparoscopy and thoracoscopy. Ashwin et al. (2020) made PLLA scaffolds coated with GelMA that were loaded with mucic acid and demonstrated the controlled release of mucic acid and potential capability of osteoblast differentiation. In order to combine gel strength with drug loading performance; achieve better simulation of the biomechanical properties of natural ECM; and improve stem cell adhesion, encapsulation, and differentiation to target phenotypes, a hydrogel coating that is double crosslinked with GelMA and alginate may be a good choice for promoting high-quality bone tissue regeneration.
In consideration of a layer-by-layer (LBL) assembly technique as a successful measurement, it has been explored as an appealing strategy in establishing the multi-functional coating for osteogenesis (Blatchley et al., 2021; Piluso et al., 2021). It could not only regulate local and extended drug release on the surface of PLLA acting as seal barrier but it could also orient the osteogenic differentiation of bone mesenchymal stem cells (BMSCs) and bone formation (Lin, Hsieh, Tseng, & Hsu, 2016; Tsai et al., 2015). Therefore, the aim of this research was to establish a coating to induce osteogenesis of bone mesenchymal stem cells by a combination of alginate and GelMA DN structure for controllable bone morphogenic protein (BMP)-2 release and to check the behavior (adhesion, proliferation, and differentiation) of human bone mesenchymal stem cells (hBMSCs) in the hydrogel platform and its underlying mechanism.
MATERIALS AND METHODS
Materials
PLLA were purchased from Jufukai Biotechnology Co. (Shangdong, China). Sodium alginate, gelatin, dopamine, and Igracure 2959 were purchased from Sigma-Aldrich (St. Louis, MO, United States). Yuanxiang Medical Instrument Co. (Shanghai, China) provided CCK-8 assay kit, alkaline phosphatase (ALP) assay kit, and Dulbecco’s Modified Eagle Medium (DMEM). PCR primers were supplied by Sangon Biotech Co. (Shanghai, China). Total RNA Kit, rhodamine phalloidin, and 4,6-diamidino-2-phenylindole (DAPI) solution were bought from Yeason Biotechnology Co. (Shangdong, China).
Substrate Preparation and Polydopamine/HA Modification
PLLA composite substrate was synthesized according to our previous report (Cao et al., 2012). Substrate films were dried at −30°C for 24 h after being cast in custom-made Teflon molds. Then, these films were divided into small squares (10 mm in length and 1 mm in thickness) and were stored at room temperature. For biomedical use, the substrate was washed in distilled water ultrasonically and then sterilized with gamma irradiation at 25 kGy.
The prepared substrates were dipped into 2 mg/ ml dopamine alkaline solution in which the pH value was adjusted to 8.5 with 10 mmol Tris-HCl buffer. The solution was stirred carefully to ensure sufficient contact with the PLLA substrate for 24 h. Then, these sheets were washed by distilled water three times to get rid of the free dopamine. The polydopamine-modified PLLA membranes were then dried at 40°C before further use.
Biomineralization was performed largely according to a previous study (Zhang, Zhang, Bao, & Chen, 2014). For rapid synthesis of the HA on polydopamine, first, a simulated body fluid solution, which was used to form HA coating, was prepared according to the work of Tas & Bhaduri (2004) and the pH adjusted to 4.0–4.5 prior to the coating procedure. Second, the polydopamine-modified PLLA membranes were dipped in the above solution with a pH value 6.5 for a certain period; finally, these membranes were denoted as PLLA-PDA-HA, respectively.
Preparation of Double-Crosslinked Hydrogel Coatings
Sodium alginate was dissolved in phosphate-buffered saline (PBS) at a certain concentration according to Table 1. GelMA was synthesized according to a previous study (Nichol et al., 2010). Next, freeze-dried GelMA and the photoinitiator (Irgacure 2959, Sigma-Aldrich) were dissolved in the prepared sodium alginate solution in a given proportion. The concentration of GelMA solution was set at 0.5%, 1.5%, 2.5%, 3.57, and 4.5% w/v, respectively. Consequently, BMP-2 (10 μg/ml) was dissolved in the alginate-GelMA solution at 37°C before gel formation. The PLLA-PDA-HA films were dipped into the alginate-GelMA solution for 60 s and withdrawn at a speed of 3,000 rpm for 30 s. The prepared films were dried at room temperature and ionically crosslinked in 100 mM CaCl2 solution for 5 min, following irradiation by UV for 15 s with an OmniCure S2000 UV lamp. Finally, the formed double-crosslinked platform was ultrasonically cleaned and sterilized by ultraviolet irradiation for 30 min before cell experiment. According to various component ratios of hydrogel, the samples were denoted as Alg90-Gel10, Alg70-Gel30, Alg50-Gel50, Alg30-Gel70, and Alg10-Gel90 (Table 1). All of them were kept at 4 C overnight.
TABLE 1 | Labels for functional composition of different ratios and concentration.
[image: Table 1]Sample Characterization
The morphology of the prepared samples with predetermined LBL coating was observed by field emission scanning electron microscopy (FE-TEM, HT7700, Japan). Atomic force microscopy (AFM, MFP-3D-BIO, Asylum Research, United States) was applied to observe the microstructure and surface roughness. The chemical structures of the double-crosslinked hydrogel were measured by Fourier transform infrared (FTIR) spectroscopy (PerkinElmer Spectrum Two) in the 400–4,000 cm−1 range. Energy-dispersive spectrometry was performed by EDS (Oxford Instruments, United Kingdom). Surface hydrophilicity is another factor affecting cell attachment, and it was measured by surface water contact angles by a surface roughness meter (Perthometer M1, Mahr, Germany).
Cell Culture and BMP-2 Release
hBMSC line was purchased from the Chinese Academy of Sciences (Shanghai, China). The hBMSCs were maintained in culture with Dulbecco’s Modified Eagle’s Medium with low glucose (Low/DMEM) (HyClone, Tauranga, New Zealand) containing 10% fetal bovine serum (FBS, Gibco, United States). It was supplemented with antibiotics (100 U ml−1 penicillin and 100 μg ml−1 streptomycin) (Gibco BRL) in a humidified incubator with a 5% CO2 atmosphere at 37°C. The medium was changed every 2 days. When the cell density exceeded 85%, the cells were digested with trypsin and passed to the cultured cells in a ratio of 1:3.
The cumulative of BMP-2 release was a representative study on the release of growth factor in this double-crosslinked hydrogel (Niu et al., 2009). Five groups of hydrogels (Alg90-Gel10, Alg70-Gel30, Alg50-Gel50, Alg30-Gel70, and Alg10-Gel90) carrying BMP-2 (10 μg per sample) were put in a 2-ml PBS system (pH = 7.4). The solution stayed in a sustained shaking condition at 120 rpm and 37°C for 14 days. At specified time points, 1 ml of solution was sucked out and an equal volume of PBS was added. The measurement of released BMP-2 from each hydrogel samples was carried out by BCA method. The final cumulative release of BMP-2 (%) was calculated as follows: BMP-2 (%) = (total release of BMP2 / total load of BMP2 in the sample) × 100%).
Cell Viability
Cell adhesion is the first step in facilitating osteogenesis in the scaffold. To check the adhesive effect, the GelMA-alginate hydrogel coating films were put into 24-well plates after sterilization by UV. Then, the hBMSCs were seeded in each hole at a density of 5 × 104/hole for 4 h. Cell viability was determined using Cell Counting Kit-8 (CCK-8) assay. The suspension was transferred into 96-well plates to detect absorbance value.
Cell Morphology
To verify the morphology of the hBMSCs attached on the coating, the GelMA-alginate hydrogel coating films were co-cultured with hBMSCs for 4 h. The films were gently washed to get rid of impurities and were fixed with 4% paraformaldehyde. Then, the samples were successively stained with 50 mg/ml rhodamine phalloidin for 60 min and with DAPI for 5 min at 4°C. Images were captured by confocal microscopy (Olympus, LX81-ZDC, Japan).
For transmission electron microscopy (TEM) detection, hBMSCs were incubated with GelMA-alginate hydrogel coating films for 4 h at 37°C. Subsequently, after fixing with 4% glutaraldehyde, the fixed samples were dehydrated with a gradient concentration of alcohol (from 30% to 99.5%). The films were dried and sputtered with platinum to test by TEM (HT7700, Hitachi, Japan), respectively.
Cell Proliferation
The hBMSCs were seeded on different surfaces of the films at a density of 5 × 104 cells/hole in 24-well plates. The samples were cleaned by PBS and stained with live and dead cells for 5 min at 3 days, respectively. The images were captured with a fluorescence microscope. Quantitation of cell proliferation was performed by the CCK-8 test, and optical density (OD) was measured at 450 nm on a microplate reader.
Real-Time PCR
After seeding hBMSCs for 7 days, the Total RNA Kit was used to extract total RNA of the cells according to the manufacturer’s protocol. Then, the first strand cDNA kits were applied to reverse-transcribe the collected total RNA. Real-time PCR (qPCR) with the Bio-Rad CFX Manager system was performed according to the standard procedure. Amplification was realized by two-step cycling. Melting curves were recorded at a temperature range from 65°C to 95°C. The primers in this study are presented in Table 2.
TABLE 2 | Primer sequences of osteogenic genes expressed by hBMSCs.
[image: Table 2]Alkaline Phosphatase Activity Assay
The hBMSCs were seeded on different surfaces of the films at a density of 5 × 104 cells/hole in 24-well plates until the hBMSCs in each group adhered to the films. Subsequently, the osteogenic medium was prepared consisting of 0.2 mmol/ l ascorbic acid, 100 nmol/ l dexamethasone, and 10 mmol/ l β-glycerol phosphate and applied to the hBMSCs. The medium was changed every 2 days. ALP activity was measured at 4 and 7 days after the use of osteogenic medium by a BCIP/NBT ALP Color Development Kit (Beyotime, China).
Alizarin Red Staining
The samples were incubated for 28 days with osteogenic medium and fixed with 4% paraformaldehyde for 10 min at 4°C. Alizarin red (pH = 4.2) staining was carried out at 25°C. Images were captured by microscopy.
Statistical Analysis
Data were recorded as mean ± standard deviation (SD). Student’s t-test was used for assessing the difference between two groups, while one-way analysis of variance (ANOVA) was used for evaluating the significance among multiple groups. All the statistical analyses were applied with SPSS 13.0 software (SPSS Inc., United States). Differences were regarded significant if p < 0.05.
RESULTS AND DISCUSSION
Characterization
In our research, polydopamine coating is firstly formed on PLLA films in alkaline and weak oxidation environment, which has an affinity for hydroxyapatite (Wu, Zhang, Zhang, & Chen, 2021). Relevant research found that hydroxyapatite grown on the surface of dopamine in simulated body fluid is more uniform and more consistent with the extracellular environment of bone tissues than hydroxyapatite mixed in hydrogel (Li et al., 2016; Z.; Wang, Chen, Wang, Chen, & Zhang, 2016). Meanwhile, the outer-layer alginate/GelMA pairs provide enough strength to contain growth factors. The design has obvious advantages: firstly, the microstructure of hydroxyapatite is helpful for achieving the three-dimension-stimulating bone environment for osteogenic-associated cells to grow in. Secondly, the covering alginate/GelMA DN, acting as a barrier, would be beneficial for sustained release of BMP-2, resulting in extending its biofunction toward hBMSCs in a relatively long term (Hu et al., 2012).
Scanning electron microscopy (SEM) and AFM were used to observe the surface morphology of PLLA substrates. As shown in Figure 1A, the native PLLA displayed a relatively flat surface feature. The synthesis of polydopamine on the PLLA surface formed an eruptive microporous structure. With the assistance of strengthened simulated body fluid, well-aligned and highly ordered HA clusters were gradually constructed onto the PLLA films. The piles of HA cluster increased with the prolonged time of simulated body fluid on the PLLA. The pore diameter of the HA was approximately 1–5 μm and was distributed at regular intervals. After covering the alginate/GelMA DN outer layer in different proportions, the sample surfaces were scattered with various degrees of projections (Figure 1B). As sodium alginate is more viscous than GelMA at the same concentration, the protuberance on substrate surface becomes more obvious as the proportion of sodium alginate in the outer coating decreases.
[image: Figure 1]FIGURE 1 | SEM images of (A) synthesis of composite coatings: PLLA, PLLA-PD, PLLA-PD-HA (1 h), PLLA-PD-HA (3 h), and PLLA-PD-HA (6 h) and (B) different ratios of alginate and GelMA. SEM, scanning electron microscopy; PLLA, poly-L-lactic acid; PD, polydopamine; HA, hydroxyapatite; GelMA, gelatin methacrylate.
To measure the distribution of element of the coatings, SEM-EDS was performed for hydrogel analysis. As presented in Figure 2A, the hydrogel coatings displayed largely characteristic C, O, H, and Ca elements. The Ca element was derived from hydroxyapatite. In each group, the amount of Ca was presented ∼3%. Meanwhile, with the increase of GelMA in the outer layer, the peak of C and O element content gradually accumulated, attributing to the substitution of the methacrylic anhydride for the amino groups of GelMA molecules (Table 3). The result of SEM-EDS indirectly manifested the successful coverage of multilayer coating on the PLLA films.
[image: Figure 2]FIGURE 2 | (A) SEM-EDS and (B) FTIR spectra for Alg90-Gel10, Alg70-Gel30, Alg50-Gel50, Alg30-Gel70, and Alg10-Gel90. (C) Contact angle measurement of water on the surface of different samples. FTIR, Fourier transform infrared.
TABLE 3 | Distribution of elements in composition of different ratios (%)
[image: Table 3]To further verify the double-crosslinked hydrogel, FTIR spectra (Figure 2B) showed a similar trend in the hybrid hydrogel composed of GelMA and alginate. The characteristic band peaks of the alginate range of 1,460–1,649 cm−1 correspond to carboxylate ions and those of 935–1,107 cm−1 relate to C–O of the pyranose ring (Golafshan, Kharaziha, & Fathi, 2017; Craciun, Barhalescu, Agop, Ochiuz, & Medicine, 2019). In addition, the spectrum of GelMA consisted of the peak of C=O at 1,630, 1,548, and 1,240 cm−1. The C–N–H at 1,500–1,570 cm−1 could also be recognized. These characters illustrated the reaction of anhydride methacrylate with free amine groups of gelatin (Rahali et al., 2017). The spectrum of Alg90-Gel10, Alg70-Gel30, Alg50-Gel50, Alg30-Gel70, and Alg10-Gel90 presents broad band peaks at 1,621 and 1,557 cm−1 probably because of overlapping with the functional groups of the GelMA and alginate composition, implying the successful introduction of the double-crosslinked hydrogel on the surface of PLLA sheets. Moreover, it semi-quantitatively analyzes specific reference bands of functional groups according to the two components of the coatings, which were less affected by the chemical reaction.
Hydrophilicity is another necessary requirement for the osteoblast-related cells to access bone tissue implants (Oliveira et al., 2021). Figure 2C displays the water contact angles on the surfaces of the substrate and customized coatings, of which, native PLLA showed a contact angle of 101.40°, while mineralization showed an obviously hydrophilic contact angle of 68.12°. After incorporation of hydrogel, there was a further decrease of contact angle to 51.86°–44.24°. In addition, various proportions of hydrogel components did not affect the change of the contact angle. The result may reflect the corresponding deposition of alginate-GelMA/HA bilayers. The hierarchical microstructure may promote hydrophilicity in a progressive behavior, which has a capillary function to facilitate the drop spreading and coincides with a previous report (Xing et al., 2020). These results demonstrate the successful construction of alginate-GelMA/HA bilayer coating on the PLLA films.
Cell Viability, Attachment, and Proliferation
Cell adhesion, growth, and differentiation are dependent on the degree of biocompatibility. To evaluate the cytotoxicity of the coated samples, the survival rate of cells on the coating surface of each group was determined at the same magnification by staining with dead cells on the third day (green dot: live cells; red dot: dead cells) (Figure 3A). Cell viability was assessed by fluorescence microscopy. Although the proportion of dead cells increased slightly in the PLLA group, there were no significant dead cells in each group, indicating that the bilayer coatings in each group had good biosafety and provided an appropriate growth environment for hBMSCs (Figure 3B). It is remarkable, however, that there were fewer viable cells in the native PLLA films than in the coatings, which may result in short-term cell adhesion and relative long-term cell proliferation.
[image: Figure 3]FIGURE 3 | (A) Cell viability of human bone mesenchymal stem cells (hBMSCs) on the different samples (scale: 50 μm) and (B) statistical analysis. (C) The short-term cell adhesion at hour 2 and (D) cell proliferation at days 1, 3, and 7 on the PLLA and bilayer coatings (*p < 0.05 compared with the control).
After seeding the cells on the samples for 2 h, quantification was performed to measure the cell attachment according to a previous study (Zhang et al., 2018) (Figure 3C). Notably, the bilayer coatings facilitated the cells adhering on the substrate rather than the bare PLLA film. The OD values of CCK-8 had nearly identical results in the Alg90-Gel10, Alg70-Gel30, Alg50-Gel50, Alg30-Gel70, and Alg10-Gel90 groups, but were higher than those in the PLLA group. To further evaluate the proliferation of cells in each samples, the number of live hBMSCs was measured by CCK-8 test on days 1, 3, and 7 (Figure 3D). Cell numbers increased in all groups, indicating that not only all the bilayer coatings but also the native PLLA provided a suitable microenvironment for cell growth. There were no differences in hBMSCs among the groups on the first day. The proliferative rate in the bilayer groups began to present higher than that in the PLLA alone on day 3. Finally, on day 7, the cell proliferation in the Alg70-Gel30 and Alg50-Gel50 groups did an outstanding performance than that in the other five groups, among which the cell growth of the Alg90-Gel10, Alg30-Gel70, and Alg10-Gel90 groups was far superior to that of the PLLA group. These results illustrated that the double-crosslinked hydrogel combined with HA has the advantage to attract osteoblast-related cells more rapidly to adhere to the surface of the substrate.
Cell Morphology
Additionally, the function of hBMSCs corresponds with a well-ordered morphology. Immunofluorescence detection at hour two showed the intracellular microstructure on the surface of the PLLA sheet and bilayer coatings in different proportions. The cytoskeleton was stained with rhodamine-labeled phalloidin, and nuclei were stained with DAPI by confocal microscopy (Figure 4A). Most of the hBMSCs that adhered to the PLLA film seemed spherical, while the cells on the bilayer coatings had many obvious cytoskeleton/microfilaments, as well as clear intercellular connections. Particularly, a better directional rearrangement of the cell cytoskeleton was displayed in the Alg70-Gel30 and Alg50-Gel50 groups.
[image: Figure 4]FIGURE 4 | (A) Confocal microscopy images of hBMSCs on different groups at 2 h (red, rhodamine phalloidin; blue, DAPI for nucleus) (scale: 15 μm). (B) SEM images of hBMSCs in different groups at 3 days.
To avoid the interference of fluorescence on cell microstructure, SEM was applied to observe the activity of cells on the coating after 3 days of seeding on the samples (Figure 4B). At higher magnification, there were a few hBMSCs on the surface of the native PLLA, and their morphology tended to be elongated. Intercellular connections between cells were not detected. Cells in the Alg90-Gel10 and Alg10-Gel90 groups began to develop a typical fusiform shape and clearly extend their pseudopods, but the cell size was smaller and the intercellular filaments were still not as clear. In the Alg70-Gel30, Alg50-Gel50, and Alg30-Gel70 groups, we found a longer irregular fusiform structure; the pseudopods were normal size, and the number of cells on the surface of the material increased significantly. For the Alg70-Gel30 and Alg50-Gel50 groups, the extended microstructure with some cell–cell interactions was easy to observe, and the pseudopods tended to extend to the microspores in multiple directions. These results showed that the adhesion and migration of hBMSCs in the Alg70-Gel30 and Alg50-Gel50 groups were significantly better than those in other double-crosslinked coatings, especially in the PLLA group.
Sustained Release of BMP-2 and Expression of Gene
Figure 5A shows an in vitro BMP-2 release curve from different ratios of double-crosslinked hydrogels. All the hydrogel systems displayed a sustained release for 2 weeks. In the first 2 days, the release curve of each group showed a relatively steep but not a burst release. The next 5 days, all the groups exhibited a “plateau” release curves and then entered a process of steady and moderate release. The total BMP-2 release of Alg90-Gel10, Alg70-Gel30, Alg50-Gel50, Alg30-Gel70, and Alg10-Gel90 reached 74.08%, 57.12%, 52.84%, 67.81%, and 71.64%, respectively. Then, the additional release of BMP-2 was less than 10%. Since the BMP-2 was kept inside the hydrogel, it is helpful for hBMSCs and osteoblasts attached or grown into the coatings to proliferate, differentiate, and induce bone formation. Moreover, the results seemed to show the higher crosslinking hydrogel as a barrier against growth factor release. On 2 weeks, the BMP-2 loading capacity of five samples was 18.44%, 29.65%, 38.64%, 27.55%, and 22.70%, respectively, and the drug encapsulation efficiency of Alg50-Gel50 hydrogels was 20.20% and 16.94% higher than that of the Alg90-Gel10 and Alg10-Gel90 groups.
[image: Figure 5]FIGURE 5 | (A) Release curves of BMP-2 from different double-crosslinked hydrogels. The mRNA levels of (B) BMP-2, (C) OCN, (D) RUNX-2, and (E) OPN were quantified from hBMSCs cultured in various substrates (*p < 0.05 compared with the control).
The differentiation of hBMSCs toward osteoblast lineage could be valued by specific osteoblast mRNA expression. The expression of the four osteogenic-related genes (RUNX-2, BMP-2, OCN, and OPN) was detected by RT-PCR experiments on day 14 (Table 3). The cells cultured on PLLA films in DMEM were set as negative control for each experiment, which failed to extract osteogenic-specific genes. In the positive control group, an osteogenic medium, which replaced DMEM, was used to culture hBMSCs on PLLA films. We detected osteogenic-specific gene expression in the positive control group that we treated as reference for other groups. By the 14th day, the expression levels of RUNX-2 and BMP-2, which are the markers of early osteoblast differentiation and bone formation, was higher in the Alg70-Gel30 and Alg50-Gel50 groups than in other bilayer coatings. Meanwhile, the expression of OCN and OPN, which represents late osteogenic formation, showed a similar trend (Figure 5).
Osteogenic Differentiation
To reveal the sustained promotion of osteogenesis of hBMSCs on the coatings, alkaline phosphatase staining was applied to detect ALP expression. After hBMSCs were seeded on the surface of different double-crosslinked coatings and constantly induced with osteogenic medium, the staining was carried out on day 4 and day 7 (Figure 6A). From the perspective of density, the samples in the Alg70-Gel30 and Alg50-Gel50 groups are more deeply stained compared with the other coating groups and the PLLA group. It indicates that early-stage differentiation could occur in Alg70-Gel30 and Alg50-Gel50 bilayer coatings. To accurately depict the early osteogenesis in these groups, the ALP activity was used in quantification. The ALP expression activity in each group enhanced as the time went on. Among them, the highest was in the Alg70-Gel30 and Alg50-Gel50 groups, which coincided with the result of staining (Figure 6C).
[image: Figure 6]FIGURE 6 | (A) ALP staining at 4 and 7 days (scale: 100 μm). (B) Alizarin red staining images at 28 days (scale: 100 μm). Quantitative results of (C) ALP activity and (D) Alizarin red staining (*p < 0.05). ALP, alkaline phosphatase.
At the end stage of osteoblast differentiation, the formation of mineralized nodules is a crucial phenomenon that indicates the maturation of osteoblasts. To evaluate this, Alizarin red staining was used to quantify the degree of mineralization by measuring the number of calcium nodules (stained red spots). Alizarin red staining was conducted on day 28 (Figure 6B). The Alg70-Gel30 and Alg50-Gel50 groups had significantly more nodules compared to every other groups (Figure 6D). The poor performance of mineral nodules in the PLLA group may result from the lack of BMP-2 release “barrier layer.” In consideration of the controlled release of BMP-2 in the hydrogel layer, long-term osteogenic differentiation of hBMSCs can be sustained, which probably has a key role in the formation of mineralized nodules (Feng et al., 2019). In addition, the crosslinked layer of hydrogels provides suitable biological strength for cell adhesion, infiltration, and proliferation (Zhang et al., 2018). In brief, double-crosslinked coating/HA could promote the greatest amount of osteogenesis, especially the outer hydrogel layer such as Alg70-Gel30 and Alg50-Gel50.
CONCLUSION
In this research, we established a bilayer coating with double-crosslinked hydrogels (alginate-GelMA) containing BMP-2 proteins (alginate-GelMA/HA/BMP-2), which displayed great biocompatibility and osteogenesis. The characterization of the coating improved the properties and enhanced the wettability of the native PLLA. To evaluate the biosafety and inductive ability of osteogenesis, the behavior (viability, adherence, and proliferation) and morphology of hBMSCs on the bilayer coatings were tested by multiple exams. The satisfactory function of osteogenesis was verified in bilayer coatings, especially in the specific ratio of alginate to GelMA. We found the best ratios between GelMA and alginate for biological applications. The Alg70-Gel30 and Alg50-Gel50 groups facilitated the osteogenic transformation of hBMSCs. In brief, alginate-GelMA/HA/BMP-2 could increase the hBMSCs’ early transformation of osteoblast lineage and promote the osteogenesis of bone defect, especially the outer hydrogel layer such as Alg70-Gel30 and Alg50-Gel50.
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As a severe clinical challenge, escharotomy and infection are always the core concerns of deep burn injuries. However, a usual dressing without multifunctionality leads to intractable treatment on deep burn wounds. Herein, we fabricated a sequential therapeutic hydrogel to solve this problem. Cross-linked by modified polyvinyl alcohol (PVA-SH/ε-PL) and benzaldehyde-terminated F127 triblock copolymers (PF127-CHO), the hydrogel demonstrated excellent mechanical properties, injectability, tissue adhesiveness, antibacterial activity, biocompatibility, and satisfactory wound cleaning through both in vitro and in vivo assays. Additionally, based on the conception of “sequential therapy,” we proposed for the first time to load bromelain and EGF into the same hydrogel in stages for wound cleaning and healing. This work provides a strategy to fabricate a promising wound dressing for the treatment of deep burn wounds with injectability and improved patients’ compliance as it simplified the process of treatment due to its “three in one” characteristic (antibacterial activity, wound cleaning, and healing effects); therefore, it has great potential in wound dressing development and clinical application.
Keywords: hydrogel, sequential therapy, deep burn wounds, eschar cleaning, antibiosis, injectability
INTRODUCTION
Burn injury is a major cause of trauma in both civilian and military environments (Yaacobi et al., 2021). Each year, there are more than 11 million burn patients with severe necrosis, and about 180,000 people died (Najath et al., 2021; Kaddoura et al., 2017; Dong et al., 2020). Also, the complex wound environment leads to a series of complications that occur during the long and slow repair processes. The necrosis and complication gravely threaten to burn patients’ lives. Traditional treatment for burn injuries includes debridement, skin grafting for large-scale burn, and medical care to prevent infection and promote wound healing. Hence, it always takes a long period to heal the burn wound, especially for the debridement surgery in which parts of healthy tissue are inevitably discarded, generating a more complicated and aggravated situation. Besides, in a medically deprived environment, deficiency of medical care makes debridement surgery unavailable and a lower compliance of burned patients. In short, the above situations urgently call a simple and effective treatment for burn injuries.
A number of products have been utilized to dress the burn wounds with simpler and more efficient strategies. For example, NexoBrid® from Israel is a selective enzymatic wound cleaning product (Rosenberg et al., 2014; Shoham et al., 2020). It can clean eschar based on bromelain without surgery in clinical research, which has been included in the European Consensus Guidelines since 2017 (Hirche et al., 2020). Unfortunately, without injectability, insufficient coating may occur on the irregular shaped wounds with NexoBrid®. Besides, gauze (Fang et al., 2021; Chen et al., 2021a; Said et al., 2021), electrospun nanofiber (Lutfi et al., 2021; Shahrousvand et al., 2021; Zhu et al., 2021), porous foam (Wang et al., 2008; Staruch et al., 2017), biocompatible membrane (Huang et al., 2021), microfibers (Zhao et al., 2015; Yu et al., 2017), and hydrogels (Soriano et al., 2020; Yuan et al., 2021; Kopecki, 2021) can be used as burn wound dressings today. However, most of them cannot display critical properties such as exudates which are absorbing and moisture-maintaining at the same time compared with hydrogel dressings (Gou and Ma, 2018; Zhao et al., 2018; Gobhril and Grinstaff, 2015). Last but not least, burn injury is always intractable as a result of infection, so dressings with antimicrobial activity are requisite (Chen et al., 2021b). Therefore, injectable dressing with exudates absorbing, moisture-maintaining, and antibacterial effect is urgently demanded for deep burn wound.
Herein, we fabricated a novel multifunctional hydrogel with a triple-network structure for wound cleaning and accelerating burn wound healing. Briefly, precursor solutions such as PF127-CHO and PVA-SH/ε-PL were mixed and stirred to make PVA-SH/ε-PL-az-PF127-CHO hydrogel (PLC). In this system, PVA-SH was designed to prevent bromelain oxidation by the sulfhydryl groups. Moreover, amino groups on PVA-SH and ε-PL activated Schiff-base reaction with PF127-CHO to provide a double-network structure; at the same time, PF127-CHO was self-assembled into micelles through physical cross-linking, leading to the preparation of triple-network PLC hydrogel. Meanwhile, partial sulfhydryl groups on PVA-SH could be oxidized to form disulfide bonds to enhance cross-linking. The novel Schiff-base hydrogel we designed had the inherent ability of an antibacterial, which was credited to Schiff-base compounds (Huijun et al., 2020; Suo et al., 2021). What is more, the weak acid environment of the wound promotes the release of ε-PL from PLC, improving the antibacterial efficiency of PLC because of its fantastic antimicrobial property (Huang et al., 2020). The anti-infective effect against methicillin-resistant Staphylococcus aureus (MRSA) and Escherichia coli (E. coli) was verified by antibacterial assays in vitro, and the tissue adhesiveness was confirmed by the adhesive strength test. Based on a concept of “sequential therapy” first proposed here, which means different treatments are adopted at certain times in a course of treatment, we loaded bromelain (BM) and EGF in stages to prepare (BM/EGF)@PLC at a certain time for wound cleaning and healing. As a result, with its injectability, (BM/EGF)@PLC is geared for irregular shaped wounds; with the combination of “sequential therapy,” (BM/EGF)@PLC shows great potential in dressing development and clinical treatment for deep burn wounds while improving patients’ compliance.
MATERIALS AND METHODS
Materials
Polyvinyl alcohol (PVA) and Pluronic F127 (PF127, Mn = 12,600) were purchased from Sinopharm Chemical Reagents Co. Ltd. (China) and BASF(Germany), respectively. Glutathione (GSH), L-Cysteine (L-Cys), ethyl sulfonyl chloride, triethylamine, p-hydroxy benzaldehyde, and bromelain were supplied by damas-beta (China). ε-poly-L-lysine (ε-PL) and human recombinant epidermal growth factor (EGF) were provided by Alladin (China) and Shanghai Huidun Biotechnology Co., Ltd (China), respectively.
Preparation of PLC Hydrogels and Drug-Loaded Hydrogels
Methods on the preparation of hydrogel precursors were described in the Supplementary Material. PLC hydrogels and drug-loaded hydrogels were prepared as below: PF127-CHO was dissolved in phosphate buffer saline (PBS) (10 mM, pH 7.4) to a final concentration of 25% (w/v). PVA-SH/ɛ-PL solution was prepared according to the molar ratio of carboxyl groups on ɛ-PL and hydroxy groups on PVA, which were 75:1, 50:1, 100:1, and 200:1, respectively. Then, PF127-CHO and PVA-SH/ɛ-PL solution was mixed homogenously with the molar ratio of aldehyde groups on PF127-CHO and amino groups on PVA-SH/ɛ-PL being 3:1, and was stirred for complete hydrogel formation. The obtained hydrogels were named according to the molar ratio of the precursor solutions. Briefly, the hydrogel prepared with PF127-CHO and PVA-SH/ɛ-PL (75:1, 50:1, 100:1, and 200:1) was named PLC3, PLC3-1, PLC3-2, and PLC3-3, respectively. To encapsulate bromelain and EGF into the hydrogel in stages, bromelain and EGF aqueous solution containing the pre-set amounts of drugs were mixed with PF127-CHO solution and then hydrogel was formed with PVA-SH/ɛ-PL, respectively. The final drug-loaded hydrogel system was simplified as (BM/EGF)@PLC.
Characterization
Polymers were verified by 1H NMR, and the special functional groups were recorded by FT-IR. SEM (Tescan Mira 3 XH, Czech Republic) was utilized to investigate the morphology of PLC after freeze-drying. Rheological properties of PLC were studied by a rheometer (HAAKE MARS, thermo scientific). The properties of swelling, degradation, and moisturizing were assessed as below.
For the swelling test, the freeze-dried hydrogel samples were weighed accurately and immersed in PBS (pH 7.4) solution at 37°C. Then, the samples were taken out and weighed immediately after drying the surface. The swelling ratio (SR) was calculated by the following equation:
[image: image]
where Wt is the weight of PLC at predetermined time intervals and W0 is the weight of the initial dried sample.
For the degradation kinetics, hydrogel bulks were immersed into PBS (pH7.4) and incubated at 37°C. At predetermined time intervals, the hydrogel samples were taken out and freeze-dried before the determination of dry weight. The biodegradation rate (BR) was calculated according to the following equation:
[image: image]
where W0 and Wt are the weights of original hydrogels and remanent hydrogels, respectively.
For the moisture retention assay, PLCs were weighed before being put into the dryer and then taken out to be weighed at the predetermined time. The moisture rate (MR) was calculated by the following equation:
[image: image]
where Wt is the weight of PLC at predetermined time intervals and W0 is the weight of the initial sample. The experiments were conducted in triplicate.
In Vitro Drug Release Assay
1 ml PLC hydrogel loaded with bromelain (10 mg) were immersed into 5 ml PBS (pH = 7.4) and placed into a shaking incubator of 37°C, 100 rpm. At pre-set intervals, 60 μL release medium was withdrawn and 60 μL fresh buffer was supplemented. The absorbance of the release medium at 562 nm was measured. The release amount of bromelain was calculated using a predetermined standard profile. The in vitro release of EGF (3 mg) from the hydrogel was conducted in PBS using the aforementioned method. The release amounts of both drugs were quantified with a BCA Protein Assay Kit (P0012, Beyotime).
Adhesive Strength Test
Adhesive strength of PLC was tested by a lap shear testing (Li et al., 2018). Briefly, 0.3 ml hydrogel precursor solution of PLC (PLC1, PLC3, PLC3-1, PLC3-2, and PLC3-3) was applied onto a piece of gelatin-coated glass to form a hydrogel layer (PLC1 was synthesized with a similar method as PLC3, except for the use of PF127 instead of PF127-CHO in preparation). After that, the sample was pasted by another piece of gelatin-coated glass with a contacting area of 25 mm × 25 mm and tested by a tensile machine (TH-8203A). All measurements were conducted in triplicate.
Antimicrobial Test
The antibacterial activity of PLC was tested by the inhibitor zone test and agar plate colony counting test against MRSA and E. coli. First, the inhibitor zone test was performed with bacteria suspension applied on the culture medium. Second, hydrogel samples were cut into about 10 mm in diameter and put on the surface of the culture medium to cover the bacteria, and then cultured at 37°C for 24 h. The antibacterial effect was assessed by measuring the diameter of the inhibitor zone. For the agar plate colony counting test, the hydrogel extract was added into bacteria suspension and the mixture was applied on the culture medium evenly, and then cultured at 37°C for 24 h. The number of colonies was counted to evaluate the antibacterial activity of PLC. All measurements were conducted in triplicate.
Cytocompatibility Evaluation
The cytocompatibility of PLC was evaluated by the following tests. Briefly, L929 cells were seeded into 96-well microplates at a density of 1×104 cells per well. After incubation for 12 h, 100 μL culture medium containing different concentrations (10, 5, 2.5, 1, and 0.5 mg/ml) of the hydrogel extracts (PLC3, PLC3-1, PLC3-2, and PLC3-3) was added into per well and incubated for 24 h, respectively. After washing with PBS, CCK-8 dye solution was used to evaluate the cell viability.
The Live/Dead assay and CCK-8 assay were further conducted to assess the cytocompatibility of (BM/EGF)@PLC including BM@PLC3 and EGF@PLC3. CCK-8 assay was conducted in the same way as the method above, except the concentrations (10, 5, 2.5, 1.25, and 0.625 mg/ml) of hydrogel samples (PLC3, BM@PLC3, and EGF@PLC3). The Live/Dead staining assay was carried out with L929 cells seeded into 24 well microplates at a density of 5 ×104 cells per well. After incubation for 12 h, the 300 μL culture medium containing EGF@PLC3 (10 μg/ml of EGF), EGF (10 μg/ml), BM@PLC3 (20 μg/ml of bromelain), and bromelain (20 μg/ml) was added into per well, respectively, and incubated for 24 h. The fluorescent images were taken by a fluorescence microscope, on which live cells were stained as green and dead cells were stained as red. All measurements were conducted in triplicate.
Hemolytic Test
Briefly, the hydrogel extract (PLC3, PLC3-1, PLC3-2, PLC3-3, BM@PLC3, and EGF@PLC3) and the red blood cell suspension were mixed with equal volumes and incubated at 37°C for 1 h. The samples were centrifugated and the supernatants were collected to determine the absorbance value under 540 nm. Besides, the sodium chloride injection (0.9%) and the red blood cell suspension that mixed with equal volume served as the negative group, while using ultra-pure water instead of sodium chloride injection (0.9%) served as the positive group. The hemolysis ratio (HR) was calculated by the following equation:
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where Ai is the absorbance value of hydrogel samples, and An and Ap are the absorbance values of negative and positive groups, respectively. The experiment was conducted in triplicate.
Cell Scratch Experiment
L929 cells were seeded into 6-well microplates at a density of 4×105 cells per well. After incubation for 48 h, 2 ml culture medium containing EGF@PLC3, EGF, and PLC3 was added into per well, respectively. The result in each group was investigated by a microscope, and photos were taken at 0, 24, and 48 h, respectively. The scratch area in each group was measured by ImageJ. The migration rate (MR) was calculated by the following equation:
[image: image]
where Si is the scratch area of the hydrogel at predetermined time intervals and S0 is the area of 0 h. The experiment was conducted in triplicate.
Deep Partial-Thickness Skin Burns’ Wound Healing Effect In Vivo
Male Sprague Dawley rats (SD), weighing 200–250 g, were divided into 4 groups randomly, with 6 rats in each group. A deep partial-thickness skin burn wound on the dorsum was made using a scald apparatus (ZH-YLS-5Q, Huaibei Zhenghua Biological Instrument Co., Ltd) with a copper rod (11 mm, 100°C, 10 s) after anesthetizing by intraperitoneal injection of 10% chloral hydrate at a dose of 0.3 ml/100 g. Then, the (BM/EGF)@PLC3 group was covered with (BM/EGF)@PLC3 hydrogels in stages according to the “sequential therapy.” Therein, BM@PLC3 was used on the first day, while EGF@PLC3 was adopted in the following treatment. The PLC3 group was treated with PLC3 dressing, the positive group was covered with sulfadiazine silver cream (25 g, China Resources Kunming Shenghuo Pharmaceutical Co., Ltd.), and the control group with no further treatment. The dressings were renewed every day, and the burn wounds were photographed on days 0, 2, 8, 15, and 21 with a digital camera before treatment. Besides, the wound closure rate (WR) was described by the following equation:
[image: image]
where W0 is the initial wound area, and Wi is the residual wound area on days 2, 8, 15, and 21 before treatment.
Histological Analysis
The wound tissue samples were collected on days 0, 8, 15, and 21 before treatment and fixed in 4% formaldehyde solution before being embedded in paraffin, following by cutting into 3 mm sections. Afterward, samples were tested with H&E, Masson’s trichrome, and immunohistochemical staining (CD31, VEGF).
The Effect of Removing Eschar on a Full-Thickness Skin Burn Model
16 rats were divided into 4 groups randomly, including BM@PLC3 group, PLC3 group, positive group, and control group. Then, a full-thickness skin burn wound was made by the scald instrument with 100°C for 20 s. The wound was treated with different dressings as above, and photos were taken on days 0, 3, 5, and 12. The wound tissues were collected on days 0, 5, and 12 before treatment and fixed in 4% formaldehyde solution to carry out H&E.
Statistical Analysis
The statistical significance was analyzed by statistical computation using SPSS (Version 23.0). Briefly, one-way ANOVA was used for three or more groups. Data were presented as mean ± SD. The significant level was set as p < 0.05.
RESULTS AND DISCUSSIONS
Structural Characterization and Rheological Properties
The preparation routes of PF127-CHO/ɛ-PL, PVA-SH, and PLC hydrogel are shown in Supplementary Figure S1, and the morphology of hydrogel is shown in Supplementary Figure S2. The results of 1H NMR are shown in Supplementary Figure S3; therein, the chemical shifts (δ = 9.87 and 9.77, δ = 8.67) belonged to aldehyde groups and amino groups, respectively, indicating the successful synthesis of PF127-CHO and PVA-SH. For FT-IR, the wavenumbers of 1,692.29 and 843.56 cm−1 belonged to the vibration of aldehyde groups on PF127-CHO; the wavenumbers of 3,069.14, 2,930.60, 1,671.43, and 1,319.79 cm−1 were affiliated to the vibration of carboxyl groups on PVA-SH/ɛ-PL; and the wavenumbers of 1,679.60 and 1,510.87 cm−1 belonged to amido groups on PLC, demonstrating the successful synthesis of PLC (Supplementary Figure S4). Above all, it could be confirmed that PLC was cross-linked through amido bonds to provide a double-network structure by dynamic Schiff-base reaction among PVA-SH, ɛ-PL, and PF127-CHO. At the same time, PF127-CHO could self-assemble to make a triple-network hydrogel, while partial sulfhydryl groups on PVA-SH could be oxidized to form disulfide bonds to enhance cross-linking.
SEM investigation showed the porous structures clearly, and the pore sizes of PLC hydrogels were decreased with the addition of ε-PL (Figure 1A). It obstructed the Schiff-base reaction between PF127-CHO and PVA-SH on the one hand; on the other hand, it could form a Schiff-base bond with PF127-CHO to promote cross-linking of hydrogel. Under the influence of both, the pore size of PLC was decreased.
[image: Figure 1]FIGURE 1 | SEM investigation for (A) a) blank hydrogel (without ɛ-PL), b) PLC3-3, c) PLC3-2, d) PLC3, and e) PLC3-1; scale bar: 20 μm. Rheological results of PLC3, PLC3-1, PLC3-2, and PLC3-3 for (B) frequency sweep tests and (C) strain sweep tests.
According to the frequency sweep test (Figure 1B), the elastic modulus (G′) of these four hydrogel samples was in the range from 1,000 Pa to 10,000 Pa with a frequency from 0.01 to 10 Hz, which were reached to the modulus of natural skin tissue, suggesting their suitability of treatment for human skin (Li et al., 2018). Strain sweep test (Figure 1C) showed that the strain curves of G’ and G” in each group had similar intersection points. With the further increase of strain to 100.0%, G’ of these hydrogels decreased dramatically, due to the collapse of the hydrogel networks. Among these four samples, PLC3 had the least loss modulus, indicating that it had the most stable structure among these four samples.
Injectable and Thermal-Responsive Performances of PLC
With the increase of the shear rate, the viscosities of PLC3, PLC3-1, PLC3-2, and PLC3-3 decreased sharply (Figure 2A), showing that PLC had the shear thinning property. When the shearing rate increased to 20 s−1, the viscosities of the samples were all bellow 100 Pa s, implying they were quite injectable. When the temperature went up from 20 to 50°C, the viscosity increased gradually and became stable finally (Figure 2B), demonstrating that PLC had the characteristic of thermal-responsiveness. Besides, the macroscopic phenomenon showed that PLC was in the liquid form at room temperature, but when it was injected by a syringe on a heating plate under a temperature of 37°C, the hydrogel precursor solution transferred to hydrogel immediately (Supplementary Figure S4C), further indicating the injectability and thermal responsiveness of PLC. Therein, the injectable property was obtained owing to the disassociation of self-assembly PF127 micelles in the gel network.
[image: Figure 2]FIGURE 2 | (A) Static shear rate sweep test and (B) temperature sweep test of a) PLC3, b) PLC3-1, c) PLC3-2, and d) PLC3-3.
Self-Healing and Enhanced Adhesiveness Properties of PLC
The thixotropy test was conducted to assess the self-healing property of PLC after external damage (Figure 3A). In the first stage, the shear rate was kept at 0.1 s−1 for 50 s. In the second stage, it was at 100 s−1 for 30 s, and then at 0.1 s−1 for 180 s in the end. After 40 s in the response stage (the third stage), the viscosities of PLC3, PLC3-1, PLC3-2, and PLC3-3 were restored to 151.48, 54.14, 55.73, and 64.94%, respectively. In addition, compared to the initial state, the viscosities of PLC3-1, PLC3-2, and PLC3-3 decreased by 3,019 Pa s, 651.1 Pa s, and 2,460 Pa s respectively, while that of PLC3 increased by 80.98 Pa s. The result indicated the excellent self-healing property of PLC3.
[image: Figure 3]FIGURE 3 | (A) Thixotropy test of a) PLC3, b) PLC3-1, c) PLC3-2, and d) PLC3-3. (B) The lap shear strength for hydrogels adhering to gelatin film. (C) Swelling tests, (D) biodegradation evaluation, and (E) moisture retention assay of PLC3, PLC3-1, PLC3-2 and PLC3-3. (F) Drugs release curve in 48 h. With the data shown as means ± SD (n = 3, *p < 0.05).
As the result of shear adhesive strength (Figure 3B), the lap shear strength of PLC3 was the strongest among these four hydrogels, and there was a significant difference between PLC1 and PLC3 (p < 0.05), indicating that the adhesion of PLC3 with skin tissue was promoted remarkably. The reason was that the modification of aldehyde functional groups in hydrogel system contributed to chemical cross-linking with skin tissue based on the Schiff-base reaction, leading to enhanced tissue-adhesiveness.
Liquid Absorption, Biodegradation, and Moisturizing Performance of PLC
Liquid absorption property, one of the most important indexes for wound dressing, was evaluated by the swelling test. As shown in Figure 3C, PLC3, PLC3-1, PLC3-2, and PLC3-3 achieved the maximum swelling ratio in 50 min and then gradually descended. Among these hydrogels, PLC3 possessed the best liquid absorption performance (59.62%). This result may be owed to the components. Briefly, the molar ratio of hydroxy groups on PVA and carboxyl groups on ε-PL were 75:1, 50:1, 100:1, and 200:1 to make up PLC3, PLC3-1, PLC3-2, and PLC3-3, respectively. So, with the increase of ε-PL, the pore of these hydrogels had changed from large to small because ε-PL led to a gel block between PVA-SH and PF127-CHO; at the same time, ε-PL could gel with PF127-CHO based on the Schiff-base reaction, leading to the increased number of pores that promoted swelling. Under the double actions, PLC3 had the better swelling ratio among these samples. Biodegradability is noticeable for biosafety materials. For PLCs, the degradation performance was eligible. As shown in Figure 3D, the biodegradation rates of PLCs were all more than 40% after 72 h, indicating that PLCs possessed excellent biodegradability and there was little harm to skin. However, PLC3-2 and PLC3-3 possessed stronger biodegradability than PLC3 and PLC3-1. This was mainly because of the different cross-linking strength of PLCs. SEM showed that the pores of PLC3 and PLC3-1 were smaller than those of PLC3-2 and PLC3-3, suggesting that the cross-linking strength of PLC3 and PLC3-1 was stronger than that of PLC3-2 and PLC3-3, resulting in their lower degradation rates. Moreover, hydrogels possessed a water conservation function, which could make a hydrated environment around the wound and further facilitate the wound healing. According to Figure 3E, the moisturizing ratios of PLCs were up to 88%, revealing their excellent moisturizing performance to maintain the hydrated environment for the wound.
Drugs Release In Vitro
Subsequently, the drug release behavior in vitro was studied. Bromelain and EGF in PLC hydrogel showed slight sudden release of 22.38 and 23.07% at 1 h, respectively. After 24 h, the cumulative release of bromelain was 82.97% and it was still releasing at a certain rate. At 48 h, the cumulative release was up to 94.14%. Different from bromelain, the cumulative release of EGF was 73.65% at 24 h, and it maintained a slow release to 48 h (76.16%) (Figure 3F). The release of the therapeutic drug was mainly mediated by the diffusion and degradation of hydrogel skeleton. However, EGF had significantly slower and longer release kinetics than bromelain, which may be due to the dynamic involvement of free amino groups in the EGF structure by the Schiff-base reaction, resulting in covalent binding of EGF to hydrogel network, thus prolonging the EGF release process. Sequential release of bromelain and EGF was very beneficial to burn wound healing. Briefly, the early release of bromelain could remove the wound eschar in time, while the long-term release of EGF effectively supported the migration and proliferation of cells, and the formation of extracellular matrix in the later stage, thus promoting wound healing.
Antimicrobial Activity In Vitro
The inhibitor zone test was utilized for qualitative analysis of the antibacterial property of PLC. The result (Figures 4A,B) showed that the diameters of the antibacterial zone against E. coli were 2.45 ± 1.06 cm (PLC3), 2.6 ± 0.42 cm (PLC3-1), 2.05 ± 1.06 cm (PLC3-2), and 2.05 ± 0.78 cm (PLC3-3), respectively, while those against MRSA were 2.5 ± 0.71 cm (PLC3), 2.6 ± 0.85 cm (PLC3-1), 2.1 ± 0.56 cm (PLC3-2), and 1.95 ± 0.64 cm (PLC3-3). The results revealed that PLC possessed antibacterial activity against E. coli and MRSA that depended on concentration. The agar plate colony counting test was further exploited for quantitative analysis. As shown in Figure 4C, for E. coli, there was significant difference among PLC3, PLC3-1, and PLC3-3 (p < 0.01). For MRSA, there was no significant difference between the groups, but the antibacterial activity of PLC was improved with the increased content of ε-PL. The antibacterial property was acquired on the basis of Schiff bases and further improved with the introduction of ε-PL. Briefly, PVA-SH and ε-PL were made to react with PF127-CHO based on the Schiff-base reaction; when this dressing coated on infectious wound where the environment was weak acid, the Schiff-base bonds cracked and ε-PL would release from PLC, promoting the antibacterial activity of PLC. More importantly, this hydrogel did not contain any antibiotics, and thus it had great potential for the treatment of multidrug-resistant bacterial infections according to the antibacterial test against MRSA, and it would not have any problems about microbial resistance.
[image: Figure 4]FIGURE 4 | The inhibitor zone test against (A) E. Coli and (B) MRSA on a) PLC3-1, b) PLC3, c) PLC3-2, and d) PLC3-3; scale bar: 1 cm. (C) Agar plate colony counting test against E. Coli and MRSA on PLC3, PLC3-1, PLC3-2 and PLC3-3, with the data shown as means ± SD (n = 3, **p < 0.01, *p < 0.05).
In Vitro Biocompatibility and Cell Proliferation Ability
Live/Dead staining showed that live cells (green) in each group were in the majority, and red cells were rare, even none (Figure 5A), indicating the benign biocompatibility of PLC. Besides, the result of CCK-8 for PLC suggested that the relative cell viabilities cultured with blank hydrogels were all higher than 88% (Figure 5B), revealing that PLC hardly had cytotoxicity, and were quite safe for humans. In addition, the relative cell viability of BM@PLC3 and EGF@PLC3 (Figure 5C) was higher than 88 and 100%, respectively, suggesting that (BM/EGF)@PLC not only had satisfied biocompatibility but also had a cell proliferation–promoting ability because EGF had the ability to promote L929 transport and proliferation.
[image: Figure 5]FIGURE 5 | In vitro biocompatibility and cell-proliferation tests. (A) Live/Dead staining of a) EGF@PLC3, b) BM@PLC3, c) PLC3, d) EGF, e) BM, and f) control; scale bar: 100 μm. (B) CCK-8 for blank hydrogels. (C) CCK-8 for hydrogels loaded with drugs. (D) Hemolysis test on a) PLC3, b) PLC3-1, c) PLC3-2, d) PLC3-3, e) BM@PLC3, f) EGF@PLC3, g) Ultra-pure water, and h) saline. (E) The quantitative result of hemolysis test. (F) Cell scratch test on a) EGF@PLC3, b) EGF, c) PLC3, and d) control groups. (G) Measuring analysis on cell scratch test. With the data shown as means ± SD (n = 3).
The result of hemocompatibility clearly exhibited that the supernatant color of hydrogel groups had significant differences when compared with ultrapure water (positive group), while they were the same as saline groups (Figure 5D). From Figure 5E, the hemolysis ratio of each hydrogel group was lower than 5%, and the hemoglobin absorbance value was similar to the saline group or even a little lower than that, and it was demonstrated that PLC possessed excellent hemocompatibility, which could be applied in the biomedicine field. The reason that the hemoglobin absorbance value of each hydrogel group was a little lower than the saline group may be due to the addition of ε-PL. As we know, ε-PL was rich in cations and had good penetration into biofilms as a drug carrier, which could avoid something to damage cells. Besides, it was found that the cell membrane adsorption of ε-PL will reduce the critical voltage of breakage. Therefore, we could infer that with the addition of ε-PL, the relative hemolysis ratios of hydrogel groups were similar to those of the saline group or even a little lower than that, exhibiting the excellent biocompatibility of PLC.
Cell scratch experiment was carried out to evaluate the cell proliferation–promoting ability of PLC. The result (Figures 5F,G) showed that the area of cell scratch was decreased gradually on each group. At 48 h, the migration rates of EGF@PLC3, EGF, PLC3, and EGF@PLC3 groups were 70.2, 54.2, 62.7, and 48%, respectively, indicating that EGF@PLC3 had more excellent promotion of cell proliferation ability among these groups.
Wound Healing Enhancement by (BM/EGF)@PLC In Vivo
During the treatment for 21 days, the deep-partial thickness skin burn wounds were healing gradually. The wound status of all groups declared that with the treatment of (BM/EGF)@PLC3, the necrotic tissue was eliminated and the remnant dermis was disclosed on day 2, while the necrotic tissues treated with PLC3 and sulfadiazine silver cream were shed gradually on day 8 and day 15, respectively. As for the control group, the necrotic tissue was cleaned up inapparently after 15 days (Figure 6A). Besides, wound closure rates of the (BM/EGF)@PLC3 group were achieved as 90.60% (Figure 6B), exhibiting the marvelous effect of healing on burn wound. Hence, the result demonstrated comparing the “sequential therapy,” the (BM/EGF)@PLC3 hydrogel was proven to fulfill the demands of deep burn injuries in wound cleaning and healing.
[image: Figure 6]FIGURE 6 | In vivo treatment of the burning rat model. (A) Assessment of the effect of treatment on days 0, 2, 8, 15, and 21. (B) Wound closure rates on days 8, 15, and 21 before treatment. With the data shown as means ± SD (n = 3, *p < 0.05, **p < 0.01).
Histopathological Analysis
The result of the H&E staining showed that the epidermis of wound tissue in four groups were thinner or even disappeared with skin appendages damaged partially after being scalded on day 0, indicating the successful construction of deep partial-thickness skin burn models. On day 21, the thickness of the epidermis in the (BM/EGF)@PLC3 group and positive group was thicker than that of the PLC3 group and control group (Figure 7A). The result of Masson’s trichrome staining showed that the array of collagen fiber in the (BM/EGF)@PLC3 group was orderly, and it was hard to find any cellulous on the epidermal, while there were cellulous stained red in other groups on day 21 (Figure 7B).
[image: Figure 7]FIGURE 7 | The result of histopathological examination. (A) H&E staining of sampled tissue on days 0, 8, 15, and 21. (B) Masson’s trichrome staining of samples on days 8, 15, and 21; scale bar: 200 µm.
Quantitative detection of collagen, CD31, and VEGF were also adopted to confirm the effect of (BM/EGF)@PLC3. The collagen index of (BM/EGF)@PLC3 group had a similar trend as the normal skin tissue (NS), while PLC3 and control groups had significant differences with NS (p < 0.05) on day 21 (Figures 8A,D). What is more, the proportion of CD31 in the (BM/EGF)@PLC3 group (14.44%) was nearly 5 times higher than that of the control group (3.06%) on day 8 and about double on day 15 (15.17 vs. 8.97%) (Figures 8B,E). As for the proportion of VEGF (Figures 8C,F), significant differences between the (BM/EGF)@PLC3 group and the control group were shown clearly (p < 0.01). The results further confirmed that (BM/EGF)@PLC3 could promote burn wound healing effectively.
[image: Figure 8]FIGURE 8 | The result of quantitative detection. (A) Masson’s trichrome staining, (B) CD31 Staining, and (C) VEGF staining of sampled tissue on days 8, 15, and 21 before treatment. Quantitative detection for (D) collagen, (E) CD31, and (F) VEGF of sampled tissue. With the data shown as means ± SD (n = 3, *p < 0.05, **p < 0.01), scale bar: 50 µm.
The Effect of Debridement With Bromelain
After treatment for 2 days, the eschar of full-thickness skin burn wounds could be easily cleaned by tweezers only in the BM@PLC3 group (Figure 9A), revealing that bromelain had the marvelous effect to ease the eschar removing and it did not affect normal skin tissues at the same time. The H&E staining was adopted to observe the pathological changes of wounds on days 0, 5, and 12. From the result (Figure 9B), the epidermis of sample tissues became thinner and even disappeared compared with normal skin tissue (NS), and the skin appendages such as hair follicles were damaged seriously on day 0, indicating that the full-thickness skin burn wound model was successfully manufactured. On day 5, partial necrotic tissue in the BM@PLC3 group started to fall off naturally, and there were almost no eschar remaining on day 12. Moreover, the newborn epidermis was in good condition, and the skin appendages returned to normal. In contrast, the other three groups still showed inapparent wound cleaning on day 12, blocking the growth of new epidermis.
[image: Figure 9]FIGURE 9 | The result of burn magnification test. (A) The image of burn wound before treatment on days 0 and 3, scale bar: 1 cm. (B) H&E staining on the normal skin group (NS), BM@PLC3 group, PLC3 group, positive group, and control group on days 0, 5, and 12; scale bar: 100 μm.
CONCLUSION
In this study, a novel PLC hydrogel has been developed as a multifunctional dressing for deep burn injuries. This triple-network structure endows PLC benign mechanical property, self-healing ability, tissue-adhesiveness, antibacterial activity, biosafety, and marvelous wound cleaning and healing efficiency. In short, the (BM/EGF)@PLC hydrogel we designed has a great potential in treating deep burn injuries, and it is especially geared for irregular shaped deep burn wounds in poor medical conditions. Thus, it makes great sense in developing new-generation dressing and treatment for burn injuries in clinics.
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Dacarbazine (DTIC) dominates chemotherapy for malignant melanoma (MM). However, the hydrophobicity, photosensitivity, instability, and toxicity to normal cells of DTIC limit its efficacy in treating MM. In the present study, we constructed star-shaped block polymers nanoparticles (NPs) based on Cholic acid -poly (lactide-co-glycolide)-b-polyethylene glycol (CA-PLGA-b-PEG) for DTIC encapsulation and MM targeted therapy. DTIC-loaded CA-PLGA-b-PEG NPs (DTIC-NPs) were employed to increase the drug loading and achieve control release of DTIC, followed by further modification with nucleic acid aptamer AS1411 (DTIC-NPs-Apt), which played an important role for active targeted therapy of MM. In vitro, DTIC-NPs-Apt showed good pH-responsive release and the strongest cytotoxicity to A875 cells compared with DTIC-NPs and free DTIC. In vivo results demonstrated that the versatile DTIC-NPs-Apt can actively target the site of MM and exhibited excellent anti-tumor effects with no obvious side effects. Overall, this research provided multi-functional NPs, which endow a new option for the treatment of MM.
Keywords: cancer nanocarriers, targeted drug delivery, controlled release, copolymer, malignant melanoma
INTRODUCTION
Malignant melanoma (MM) is one of the most life-threatening malignancies (Li et al., 2015; Liu et al., 2017). Although melanoma rarely occurs, accounting for only 5% of skin cancers, the survival rate of patients is low due to its rapid recurrence, high multidrug resistance, and easy metastasis. Specifically, the average survival time of patients with MM is about 8–9 months, and overall survival rate is less than 15% with 3 years (Balch et al., 2009). Although many studies have explored treatment of MM (Tagne et al., 2008; Li and Han, 2020), few have obtained satisfactory results. Surgery, chemotherapy, and immunotherapy are the most common methods for treatment (Chapman et al., 2011; Hamid et al., 2013; Koyama et al., 2016). Among them, chemotherapy occupies an important position in the comprehensive treatment of tumor (Hafeez and Kazmi, 2017; Yuan et al., 2017). Dacarbazine (DTIC) is the only US Food and Drug Administration (FDA)-approved chemotherapeutic agent for melanoma, it is also the first-line drug for MM (Chapman et al., 1999; Tarhini and Agarwala, 2006; Bei et al., 2009). DTIC is an alkylating agent that kills tumor cells by destroying DNA (Eigentler et al., 2011; Demetri et al., 2017). However, DTIC has limited efficacy in treating melanoma due to its hydrophobicity and short half-life (Tagne et al., 2008; Koyama et al., 2016) In addition, DTIC has photosensitivity and instability, which increase the difficulty of drug storage and transportation. Moreover, DTIC has non-specific toxicity to normal cells, which is a common defect of chemotherapy drugs (Almousallam et al., 2015). Therefore, it is very necessary to develop an effective platform to reduce toxic side effects and improve the cytotoxicity to MM cells, thereby inhibiting further metastasis and recurrence of metastatic MM.
Targeted therapy of tumors opened up a new world for chemotherapy. It is considered to be the most promising method in cancer treatment. In recent years, new tumor-targeted strategies have emerged, such as tumor-targeted drug therapy (Jin et al., 2021; Kerns et al., 2021; Li et al., 2021; Li et al., 2021), immunotherapy (Chen et al., 2021; Lu et al., 2021; Pei et al., 2021), gene therapy (Chada et al., 2015; Wang et al., 2021; Wang et al., 2021), virus therapy (Kemler et al., 2021; Wan et al., 2021; Zhang et al., 2021), and cell-based targeted therapy (Collet et al., 2016). Among them, tumor active targeted drug therapy based on nanoparticles (NPs) drug delivery systems achieved the most success. The targeted NPs utilize specific interaction between receptors expression on the surface of target cells and ligands conjugated with the NPs, specifically to deliver drug to tumor cells and organs, significantly improve drug concentration in the target area and effectively reduce side effects to normal tissues (Ashley et al., 2011; Bao et al., 2012; Dahlberg et al., 2015; Li et al., 2021). Moreover, versatile NPs could improve the stability of drugs and control release of cargos (Berger et al., 2015; Gong et al., 2019). Nucleolin is a protein widely present in the nucleus, cytoplasm, and cell membrane of many kinds of cells (Kabirian-Dehkordi et al., 2019). Interestingly, nucleolin is more abundantly expressed on the surface of tumor cell membranes than normal cells, which means that nucleolin can be a potential therapeutic target for anti-tumor (Koutsioumpa and Papadimitriou, 2014; Palmieri et al., 2015; Romano et al., 2018). Increasing interest in nucleolin anti-tumor research has led to the development of several small molecule antagonists (Kabirian-Dehkordi et al., 2019). Aptamer has attracted the most interest in the field of tumor targeted treatment due to its high affinity, strong specificity, no significant immunogenicity, small molecular size, and easy modification. Nucleic acid aptamer AS1411, the first aptamer approved by the FDA, was used in various cancer clinical treatment trials. AS1411 can specifically bind to nucleolin, which was highly expressed on the surface of tumor cells, to achieve the purpose of targeted therapy (Destouches et al., 2011; Ding et al., 2011). However, AS1411 was observed to be effective on partial tumors in clinical trials and suffer from its rapid clearance from the blood (Kabirian-Dehkordi et al., 2019). Therefore, the AS1411 conjugated to the NPs surface would improve its stability in the blood and endow NPs the ability to target tumor cells, maximizing anti-tumor effect.
With the development of nano-targeting technology, a variety of targeted NPs have been reported for the delivery of DTIC (Bei et al., 2009; Ding et al., 2011; Ding et al., 2011; Kakumanu et al., 2011). Yet, there are extremely rare drug carriers with targeted functions in vivo that have been successfully used in clinical practice because of following obstacles. First, the capacity of ligands which bind to these drug carriers is not enough to effectively recognize the target. Second, the binding stability between ligands and drug carriers is not strong enough to achieve systemic circulation, and is unable to reach the target site. Third, the speed and strength of ligands to bind to the target are insufficient after delivery to the destination. Obviously, there is an urgent need to design a carrier with multiple active sites, which can combine multiple ligands and drugs at the same time, to realize the synergy of targeted multivalency and drugs. Star-shaped block polymers based on Poly (lactide-co-glycolide) (PLGA) is a simple example of highly specific targeting carrier material. They are branched polymer with all branches extending from a single core, which endow them a higher drug loading capacity and encapsulation efficiency than linear polymers with the same molar mass (Nguyen-Van et al., 2011; Ma et al., 2013; Tao et al., 2014; Peng et al., 2018; Liu et al., 2019). Thus, they can flexibly guide target molecules to a destination in the complex environment of the body. Polyethylene glycol (PEG), a water-soluble polymer, was often introduced to PLGA in order to improve hydrophilicity of PLGA, to further meet the needs of drug delivery carriers (Yildiz and Kacar, 2021). In the process of PLGA star-shaped block polymers synthesis, the most commonly used core is cholic acid (CA). CA is composed of a steroid unit with three hydroxyl groups and one carboxyl group, which can be selected as the poly-hydroxy initiator. Furthermore, CA is the main bile acid in the body. This biological source can synthesize copolymers based on CA due to its good biocompatibility (Janvier et al., 2013; Su et al., 2017).
In the present study, CA-PLGA-b-PEG nanocarriers were constructed to encapsulate DTIC, and then modified with aptamer for targeted therapy of MM. The star-shaped block copolymer CA-PLGA-b-PEG was prepared by the core-first method, and NPs were fabricated by an improved nanoprecipitation method. Morphology and drug loading of the NPs were characterized and the antitumor effect of the NPs was evaluated both in vitro and in vivo. The results show the NPs exhibited an excellent anti-tumor effect, providing a new option for MM patients.
RESULTS AND DISCUSSIONS
Synthesis and Characterization of Star-Shaped Copolymer CA-PLGA-b-PEG-COOH
The chemical reaction scheme for synthesis of star-shaped polymer CA-PLGA-b-PEG-COOH was shown in Figure 1 The CA-PLGA-b-PEG-COOH with a well-defined three-branched structure were prepared successfully. The gel permeation chromatography (GPC) molecular weight Mn of CA-PLGA and CA-PLGA-b-PEG-COOH are 13,265 and 20,872, respectively. The results of GPC molecular weight could prove the CA-PLGA-b-PEG-COOH was synthesized successfully by the coupling reaction between CA-PLGA-COOH and NH2-PEG2k-COOH.
[image: Figure 1]FIGURE 1 | Schematic representation of synthesis of amphiphilic block copolymer CA-PLGA-b-PEG-COOH.
For star-shaped copolymer CA-PLGA-b-PEG-COOH, the typical 1H NMR signals from PEG and monomers lactide (LA) and glycolide (GA) repeating units can be observed. As shown in Figure 2A of 1H NMR (CDCl3), four characteristic signals can be observed: peak a (δ = 3.63 ppm, PEG repeating unit: -CH2CH2O-), b (δ = 1.60 ppm, LA repeating unit: -CHCH3), c (δ = 5.19 ppm, LA repeating unit: -CHCH3), and d (δ = 4.81 ppm, GA repeating unit: -CH2-). As shown in spectra, we can further demonstrate that the successful coupling of star-shaped CA-PLGA-COOH and NH2-PEG2k-COOH, and the star-shaped copolymer CA-PLGA-b-PEG-COOH was prepared successfully.
[image: Figure 2]FIGURE 2 | Typical characterization of copolymer CA-PLGA-b-PEG-COOH (A) 1H NMR spectra; (B) FT-IR spectra.
FT-IR spectroscopy was adopted for further confirming the structure and successfully synthesizing CA-PLGA-b-PEG-COOH. As shown in Figure 2B, the obvious characteristic peak at 1750 cm−1 (peak 3) could be ascribed to the presence of a carbonyl group in CA-PLGA. The stretching vibrations peak at 1,115–1,025 cm−1 (peak 5) could be ascribed to the presence of a C-O-C in PEG. The broad absorbance between 3,010 and 2,850 cm−1 (peak 2) corresponded to the stretching vibrations of C-H. The characteristic peak at 1, 2, 4, and 6 could be ascribed to the presence of a carboxy group (COOH) in the copolymer of CA-PLGA-b-PEG-COOH.
Preparation and Characterization of Nanoparticles
DTIC-NPs was prepared by a modified nanoprecipitation method, and the synthesis process is shown in Figure 3A. Specifically, DTIC and copolymer are dissolved in a mixed solvent of acetone and methanol to form an organic solution. Then, the mixed solvent was added dropwise to the aqueous solution which contained emulsifier D-a-tocopheryl polyethylene glycol 1,000 succinate (TPGS). During this process, PLGA in the copolymer precipitates due to its hydrophobicity, resulting in the formation of drug loaded CA-PLGA-b-PEG NPs spontaneously. Finally, the organic solvent was evaporated by stirring overnight, and then, CA-PLGA-b-PEG NPs were centrifuged, washed, and lyophilized. For DTIC-NPs-Apt, EDC and NHS were utilized as catalysts to couple aptamer AS1411 to DTIC-NPs.
[image: Figure 3]FIGURE 3 | (A) Schematic illustration of the preparation technics for the targeted DTIC-NPs-Apt; (B) TEM image of DTIC-NPs-Apt; (C) DLS size distribution of DTIC-NPs-Apt.
Stability, cumulative release of drug, cellular uptake, and in vivo biodistribution of NPs were mainly affected by its particle size and surface properties. The particle sizes and size distributions of the DTIC NPs and DTIC-NPs-Apt were studied by dynamic light scattering (DLS) method, and the results are shown in Table 1. The average diameter of DTIC NPs and DTIC-NPs-Apt was 116.3 ± 5.2 nm and 125.9 ± 4.1 nm, respectively. The average diameter of DTIC-NPs-Apt was slightly larger than DTIC NPs, which is because aptamer AS1411 was introduced into the surface of DTIC NPs. The nanoparticles used as drug delivery system possess high cellular uptake, more desirable biodistribution, and preferentially accumulate at the tumor site because of the enhanced permeability and retention (EPR) effect. Furthermore, nanoparticles can reduce tumor resistance to a certain extent. The hydrated particle size of both NPs is in a range that is suitable for cell uptake, which would boost the NPs to be passively targeted to the tumor tissue through the EPR effect, and more accumulated in the tumor tissue. Figure 3B exhibited the result of DTIC-NPs-Apt transmission electron microscopy (TEM), and the DTIC-NPs-Apt were spherical shaped. The average diameter of DTIC-NPs-Apt presented in TEM was about 70 nm, which was significantly reduced compared to the average diameter measured by DLS. This difference may be attributed to a shrinkage while the DTIC-NPs-Apt are in dry state during the TEM characterization. Figure 3C shows the size distribution of the DTIC-NPs-Apt. Polydispersity index of both NPs was less than 0.2, indicated the particle size is uniform, which was beneficial to deliver the cargos. The drug loading of DTIC NPs and DTIC-NPs-Apt was 8.72 and 7.64%, respectively. It was noted that the aptamer AS1411 functionalization dose not influence the drug loading content of NPs. These results suggested that the successful construction of DTIC-NPs-Apt with suitable average diameter, uniform particle size, and high drug loading.
TABLE 1 | Characterization of DTIC-NPs and DTIC-NPs-Apt (Mean ± SD, n = 3).
[image: Table 1]Stability of DTIC-NPs and DTIC-NPs-Apt
Zeta potential can detect the mutual repulsion between NPs, which plays an important role in maintaining the physical stability of NPs. The zeta potential of DTIC NPs and DTIC-NPs-Apt are presented in Table 1, which were -26.4 ± 3.9 mV and -15.7 ± 2.6 mV, respectively. Both NPs behaved negatively charged, which is due to the ionized carboxyl groups of polylactic acid and polyglycolic acid segments. The absolute value of modified DTIC-NPs-Apt zeta potential was reduced, which indicated that modified aptamer AS1411 on the NPs surface has a surface charge shielding effect. To further assess the stability of two kinds of NPs, we monitored the changes in the size and zeta potential of the DTIC NPs and DTIC-NPs-Apt during storage. The results are shown in Figure 4; no obvious change was observed in particle size and zeta potential during 3 months. These data show NPs exhibit excellent stability, which was important to achieve clinical translation.
[image: Figure 4]FIGURE 4 | In vitro stability of DTIC-NPs and DTIC-NPs-Apt. (A) Particle size and (B) zeta potential during 90 days of storage, respectively.
In Vitro Drug Release Profiles
Figure 5 displayed the cumulative drug release profiles of the DTIC-NPs and DTIC-NPs-Apt in PBS (pH 7.4) for 7 days. During the first day, the initial burst release of DTIC-NPs and DTIC-NPs-Apt was found to be 47.7 and 47.3%, respectively. However, both NPs exhibited continuous, steady release patterns in the following few days. After 1 week, the accumulative drug releases of DTIC-NPs and DTIC-NPs-Apt reached 72.5 and 71.6%, respectively. These data indicated that both the NPs exhibited a typically biphasic pattern release with an initial burst. Because DTIC was absorbed on the surface or entrapped weakly by NPs, DTIC was quickly released in the initial day. Subsequently, DTIC was released with a sustained behavior dominantly attributed to the diffusion of the cargo from the rigid core or hydrophobic inner shell. In vitro cumulative drug release profiles of DTIC-NPs and DTIC-NPs-Apt at pH 5.5 PBS were also carried out. The release behavior of both NPs at pH 5.5 was similar to that at pH 7.4, but the release rate is faster. The initial burst release of DTIC-NPs and DTIC-NPs-Apt at pH 5.5 was found to be 69.8 and 69.0%, respectively. The cumulative release of DTIC after 7 days was 92.9 and 91.5%, respectively. The reason may be because the structure of the NPs is destroyed in the acidic environment of pH 5.5. Based on the characteristics of acid response, the DTIC loaded in NPs can be better released in the acidic environment of tumors, promoting anti-tumor effect.
[image: Figure 5]FIGURE 5 | In vitro drug release profiles of the DTIC-NPs and DTIC-NPs-Apt at pH 5.5 and 7.4, respectively. ∗ p < 0.05.
In vitro Cell Viability of NPs
Human melanoma A875 cells were cultured to evaluate cytotoxicity of the NPs in vitro. Free DTIC, DTIC-NPs, and DTIC-NPs-Apt with same drug concentrations ranging from 0.1 to 100 μg/ml were tested. Drug free NPs-Apt with equivalent NPs dosage were used as well. As shown in Figure 6, blank NPs-Apt at different concentrations seem not to have exhibited significant cytotoxicity at a different time, which suggested NPs possess nontoxic and excellent biocompatibility. The cytotoxicity of free DTIC and DITC-loaded NPs showed dose-dependent and time-dependent behavior. In addition, DTIC-NPs-Apt exhibited the strongest cytotoxicity. After incubation with NPs for 24 h with DTIC concentration of 100 μg/ml, viability of A875 cells was 60.6% for free DTIC, 40.1% for DTIC-NPs, and 32.8% for DTIC-NPs-Apt. However, after incubating A875 cells with NPs for 48 h, the cytotoxicity of DTIC-NPs-Apt was 11.8%, significantly lower than DTIC-NPs, which was 20.7%. This result was attributed to the modification of aptamer AS1411 on the DTIC-NPs-Apt, which could target to nucleolin. Nucleolin was highly expressed on the surface of A875 cells, DTIC-NPs-Apt with active targeting function could enhance cellular uptake of NPs, therefore improving cytotoxicity to A875 cells.
[image: Figure 6]FIGURE 6 | Viability of human melanoma A875 cells cultured with drug free NPs-Apt, free DTIC, DTIC-NPs, and DTIC-NPs-Apt at equivalent drug concentrations ranging from 0.1 to 100 μg/ml. The amount of drug free NPs-Apt was the same as that of the NPs, n = 3. (A) 24 h; (B) 48 h ∗ p < 0.05; ∗∗ p < 0.01; ∗∗∗ p < 0.001 indicate significant difference compared with drug free NPs-Apt.
The IC50 values of free DTIC, DTIC-NPs, and DTIC-NPs-Apt against A875 cells were also quantified. IC50 values of A875 cells treated with three DTIC formulations for 24 and 48 h are summarized in Supplementary Table S1. Compared with free DTIC, DTIC NPs can significantly reduce the value of IC50, which benefits from the continuous release effect of nanocarrier on DTIC. Especially the IC50 of DTIC-NPs-Apt group was less than half of DTIC-NPs group, demonstrating that after active targeting group-aptamer AS1411 modified, DTIC-NPs-Apt showing strongest cytotoxicity of A875 cells.
In Vivo Antitumor Efficacy
Due to the excellent cytotoxicity to A875 cells in vitro, DTIC-NPs-Apt bring a potential hope to the treatment of MM. In this study, the antitumor effect of DTIC-NPs-Apt was also evaluated in vivo. Twenty-five tumor-bearing nude mice were employed and divided into five groups randomly. Then, five groups were injected with saline (control), blank NPs-Apt, free DTIC, DTIC-NPs, and DTIC-NPs-Apt through the tail vein, respectively. Every other day, we recorded the tumor volume and weight of the mouse until the end of the treatment. Tumor growth curve of tumor-bearing mice was shown in Figure 7A. Compared with control group, three DTIC formulation groups significantly reduced tumor growth. Furthermore, DTIC-NPs-Apt group displayed the strongest ability to inhibit tumor growth over the free DTIC and DTIC-NPs groups. In general, when various formulations were injected into the tail vein, the surface modification of aptamer AS1411 (DTIC-NPs-Apt group) can actively target to MM cells to achieve high concentration aggregation of tumor sites, and release DTIC in response to the acidic environment of the tumor, resulting in the strongest anti-tumor effect. In the development of novel carriers, the side effects of carriers have received extensive attention. The body weight of the mice during the treatment was also recorded to evaluate the systemic toxicity of star-shaped nanocarriers constructed in this study. Body weights of all nude mice was presented in Figure 7B. All groups gained weight, which indicated the nanocarriers show no obviously systemic side effects on mice.
[image: Figure 7]FIGURE 7 | Antitumor efficacy of targeted DTIC-NPs-Apt in comparison with saline, drug free NPs-Apt, free DTIC, and DTIC-NPs (n = 5). (A) Tumor growth curve of the SCID nude mice bearing human melanoma A875 cells xenograft. (B) Animal body weight of the nude mice in different groups after treatment at different time intervals. ∗ p < 0.05; ∗∗ p < 0.01. ∗∗∗ p < 0.001 indicate significant difference compared with DTIC-NPs-Apt.
In order to further explore the toxic and side effects of the constructed nanocarriers, we used hematoxylin and eosin (H&E) staining to observe the changes in the heart, liver, spleen, lung, and kidney of mice after treatment. The results are shown in Figure 8. For all the groups, no apparent tissue injury was observed in the tissues of heart, liver, spleen, lung, and kidney. Therefore, all the results indicated that DTIC-NPs-Apt own excellent effects to treat MM with almost no toxic side effects. DTIC-NPs-Apt have the potential to provide a new treatment method for MM patients.
[image: Figure 8]FIGURE 8 | Representative tissue sections of mice stained with hematoxylin and eosin (H&E) after 16 days of treatment. For all the groups, no apparent tissue injury was observed in the tissues of heart, liver, spleen, lung, and kidney.
CONCLUSION
In short, we have successfully constructed DTIC-NPs-Apt based on star-shaped block polymers and modified nucleic acid aptamer to realize active targeted therapy of MM. The appearance of DTIC-NPs-Apt was nearly spherical, and they had a suitable particle size range with a narrow size distribution and exhibited good stability. Moreover, DTIC-NPs-Apt displayed high drug loading of DTIC, showing controlled release and pH-response release behavior. Compared with DTIC-NPs or free DTIC, the modification of AS1411 and the controlled release effect of DTIC make the DTIC-NPs-Apt possess the best anti-tumor effect in vivo and in vitro without showing toxic side effects. In conclusion, DTIC-NPs-Apt have a potential for MM targeting therapy.
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Samples Size (nm)  PDI ZP(MV)  LC(%) EE (%)

DTIC-NPs. 116352 0128 -264:39 8.72 88.53
DTIC-NPs-Apt ~ 126.9 + 4.1 0116 -157+26 7.64 NA

PDI, polydispersity index; ZP, zeta potential; LC, loading content; EE, encapsulation
efficiency: N/A, not applicable.
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Mutation| NI42 | ASP | GLU | AG01|AG02|AM07|AMO08| AM09|AM10|CM17|CM18| DEQ07| DE08| DE09| DE10| DE13|DE14|DE15|DE16|DE19| DE20

GBVI|-7.37(-6.41(-6.66(-6.91|-6.58| -6.31|-6.54 -6.57|-6.56-6.52 [-6.26 -6.97

AGBVI| 0.00 | 0.96 | 0.72 | 0.47 | 0.79 1.07 | 0.83 0.80|0.81(0.85| 1.12 0.41

DE32(DE33|DE34|DE35| LI01 | LI02 |[NM47|NM48|NM49|NMS0|

-6.21 @ﬁéﬂ 6.79
T

Mutation|DE21|DE22| DE23| DE24| DE25

GBVI|-6.85 -6.50(-7.00 ;L@Ji% -7.48|-6.72|-6.56| -7.06 | -6.86

AGBVI| 0.53 0.87| 0.37 -0.11| 0.65| 0.82 | 0.31 | 0.52

1.73
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Category

Nrf2-pathway-
related

NFkB-pathway-
related

Vitamins

Enzymes

Hormones

Medicinal
plants

Biological
materials

Therapy

siKeap1

Lipoproteoplex

Exosomes from ADSCs

overexpressing Nrf2

miR-146a

SRT1720

Vitamins E and C

Mono-epoxy-
tocotrienol-a

Folic acid

SkQ1

SOD

HO-1

17p-estradiol

5a-dihydrotestosterone

Dimethyl fumarate

RTA 408

Genistei

n
Asiatic acid

Syringic acid

Hydroethanolic extract

of strychnos
pseudoquina

Deoxyshikonin

Quercetin

SOD-loaded hydrogel

CONP-loaded GelMA
hydrogel
Edaravone-loaded
alginate-based
nanocomposite
hvdrogel

Injectable, self-healable

zwitterionic cryogel
Nanosilk

AA-PL scaffolds

tFNAs

Berberine nanohydrogel

Mechanism

nhibit Keap1, increase Nrf2 nuclear
ranslocation

Deliver siKeap1

ncrease Nrf2 level

Decrease levels of phosphorylated IkB-a,
phosphorylated NF«B, and total NFkB

Activate SIRT1

Restore the antioxidant enzyme activities,
reduce ROS levels

Antioxidant effects

Suppress oxidative stress

Suppress mitochondrial ROS production

Catalyze the decomposition of superoxide
radicals into hydrogen peroxide

Cleaves the a-methene bridges of heme to
produce equimolar amounts of biliverdin and
carbon monoxide

Regulate energy homeostasis and glucose
metabolism

Regulate energy homeostasis and glucose
metabolism

Activate Nrf2
Upregulate expression of Nrf2 target genes
Activate Nrf2, downregulate NFkB

Downregulate NFkB activation and reduce
pro-inflammatory cytokines

Suppress NFkB activation and the inflammatory

response

Modulate oxidative status and microstructural
reorganization

Exert antioxidant activity and promote

phosphorylation of ERK and p38 and VEGFR-2

expression
Suppress oxidative stress and enhance the

antioxidant defense system
Sustained release of SOD with high activity

Uptake exudate, scavenge free radicals

Downregulate ROS levels

Sustained release of miRNA-146a-CNPs

Deliver CNP-miR146a to the wound bed

Relieve the high oxidative stress,
inflammation and infection

Activate the Akt/Nrf2/HO-1 signaling
pathway

Activate SIRTT, inhibit the expression of
NFkB

Effects

Accelerate wound healing, improve redox
homeostasis, and promote angiogenesis
Restore Nrf2 antioxidant function, Accelerate
wound healing, augment reduction-oxidation
homeostasis

Prevent senescence of EPCs, inhibit ROS and
inflammatory cytokine formation and promote
angiogenesis

/

Accelerate wound healing and promote
angiogenesis
Accelerate wound healing

Increase the expression of genes involved in
cell growth, motility, angiogenesis and
mitochondrial function

Accelerate wound healing and promote
collagen deposition

Accelerate wound healing and promote

epithelization, granulation tissue formation, and

angiogenesis
Accelerate wound healing

nhibit inflammatory cytokine formation,
increase antioxidants and promote
angiogenesis

cell survival
ncrease the proportion of type | and type Il

Decrease oxidative damage and inflammation,
and accelerate wound healing

Accelerate wound healing and promote
re-epithelialization
Accelerate wound healing

Attenuate prolonged inflalmmation and
Accelerate wound healing

Accelerate wound healing

Accelerate wound healing

Accelerate wound healing

Accelerate wound healing

Promote re-epithelialization and collagen
deposition
Accelerate wound healing

Accelerate wound healing

Accelerate wound healing

Downregulate proinflammatory signaling
and promote pro-fibrotic processes
Promote angiogenesis, extracellular matrix
formation and re-epithelization

Control inflammation, prevent oxidative
damage, facilitate angiogenesis

Accelerate wound healing, reduce
inflammation, promote angiogenesis

Reduce excessive ROS formation and facilitate

collagen fibers and superoxide dismutase levels
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Mutated amino acid GBVI

Hydrogen/lonic
bond

AGO2 —8.8651
DE20 —8.8189
LIO1 —8.4173
AGO2 (energy minimization) —10.043
DE20 (energy minimization) —10.404
LI01 (energy minimization) —9.1861

GBVI, generalized Born/volume integral.

Yes
Yes
No

Yes
Yes
Yes
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Name GBVI at the GBVI at the Depart from

beginning of MD end of MD GPR40
4-15 —10.206 —9.196 No
5-1 —9.620 —-5.913 Yes
4-4 —9.579 —5.765 Yes
AGO2 —10.043 —8.564 No
DE20 —10.404 —7.335 No
Control —9.749 —8.642 No

GBVI, generalized Born/volume integral.
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Name Ranking GBVI

4-15 1 —10.2063
5-1 2 —9.62029
4-4 3 —9.57896
4-10 4 —9.43213
4-1 5 —9.38494
5-2 6 —9.17657
3-12 7 —9.16672
3-13 8 —9.04828
5-3 9 —8.88673
4-5 10 —8.76586
TAK-875 —9.74940

Sequence

(G28)(NI42)(L18)(CM25)
(P80)(G35)(P40)(F117)(AM18)
(P131)(P107)(AM47)(AB0)
(A109)(Y40)(CM28)(P103)
(P44)(G22)(LO9)(F87)
(P95)(G32)(G34)(A96)(CM25)
(P93)(G28)(W026)
(P97)(A108)(P91)
(RK20)(G31)(LO4)(P40)(WO30)
(A109)(G19)(P52)(NM26)

GBVI/WSA, generalized Born/volume integral/weighted surface area.





